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Abstract 
 
Imidazolium-based Block Copolymers as Solid-State Separators for Alkaline Fuel Cells 
and Lithium Ion Batteries 
 
Jacob Richard Nykaza 
 
 
 
 
In this study, polymerized ionic liquid (PIL) diblock copolymers were explored as solid-
state polymer separators as an anion exchange membrane (AEM) for alkaline fuel cells 
AFCs and as a solid polymer electrolyte (SPE) for lithium-ion batteries. Polymerized 
ionic liquid (PIL) block copolymers are a distinct set of block copolymers that combine 
the properties of both ionic liquids (e.g., high conductivity, high electrochemical 
stability) and block copolymers (e.g., self-assembly into various nanostructures), which 
provides the opportunity to design highly conductive robust solid-state electrolytes that 
can be tuned for various applications including AFCs and lithium-ion batteries via simple 
anion exchange. 
 
A series of bromide conducting PIL diblock copolymers with an undecyl alkyl side chain 
between the polymer backbone and the imidazolium moiety were first synthesized at 
various compositions comprising of a PIL component and a non-ionic component. 
Synthesis was acheived by post-functionalization from its non-ionic precursor PIL 
diblock copolymer, which was synthesized via the reverse addition fragmentation chain 
transfer (RAFT) technique. This PIL diblock copolymer with long alkyl side chains 
resulted in flexible, transparent films with high mechanical strength and high bromide ion 
conductivity. The conductivity of the PIL diblock copolymer was three times higher than 
xiii 
 
 
 
its analogous PIL homopolymer and an order of magnitude higher than a similar PIL 
diblock copolymer with shorter alkyl side chain length, which was due to the microphase 
separated morphology, more specifically, water/ion clusters within the PIL microdomains 
in the hydrated state. Due to the high conductivity and mechanical robustness of this 
novel PIL block copolymer, its application as both the ionomer and AEM in an AFC was 
investigated via anion exchange to hydroxide (OH
-
), where a maximum power density of 
29.3 mW cm
-1
 (60 °C with H2/O2 at 25 psig (172 kPa) backpressure) was achieved. 
Rotating disk electrode (RDE) experiments determined the interfacial resistance imposed 
during cell assembly between the AEM, catalyst, and ionomer was a factor in fuel cell 
performance. Further RDE studies investigated the electrochemical stability of the PIL 
block copolymer ionomer under applied potentials, where it was determined that potential 
cycling increased the degradation compared to constant voltage or open circuit voltage 
studies.  
 
The PIL diblock copolymer was then anion exchanged to the 
bis(trifluoromethane)sulfonamide (TFSI
-
) anion form and imbibed with a lithium salt and 
ionic liquid solution for use as a SPE in lithium-ion batteries resulting in a maximum 
discharge capacity of 112 mAh g
-1
 at 0.1 C with a Coulombic efficiency greater than 94% 
over 100 cycles. PIL block copolymers have promising mechanical properties and 
transport properties (i.e., ion conductivity) in both the hydrated (hydrophilic anions; Br
-
, 
OH
-
) and dry (hydrophobic anions; TFSI
-
) states resulting in highly conductive, 
chemically/thermally stable, and mechanically robust solid-state polymer separators for 
use as AEMs in AFCs and as SPEs in lithium-ion batteries. 
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Chapter 1. Introduction 
 
Advancements in the development of solid-state polymer separators can have significant 
impact on the performance of electrochemical energy storage and generation devices, 
such as fuel cells and batteries. In this dissertation, the synthesis, characterization, and 
evaluation of a new type of solid-state polymer separator (polymerized ionic liquid (PIL) 
block copolymer) was investigated for alkaline fuel cells and lithium-ion batteries. The 
following sections provide a review of solid-state polymer separators for alkaline fuel 
cells and lithium-ion batteries, as well as an overview of the work in this dissertation.  
 
1.1 Solid-State Polymer Separators  
 
1.1.1. Alkaline Fuel Cells 
 
The alkaline fuel cell (AFC) is an electrochemical device that converts hydrogen and 
oxygen directly into electrical energy and is shown in Figure 1.1. Traditionally, the 
separator and hydroxide conductor in AFCs has been a liquid electrolyte of potassium 
hydroxide (KOH(aq)). The AFC produces electricity by hydrogen gas at the anode 
reacting with hydroxyl anions generating water and electrons, i.e., hydrogen oxidation 
reaction (HOR). These electrons transfer through an external circuit to the cathode. At the 
cathode, the electrons react with oxygen and water to produce hydroxyl anions, i.e., 
oxygen reduction reaction (ORR). The AFC half-cell reactions and overall reaction are 
listed below. 
3 
 
 
 
Anode:   eOHOHH 4442 22                                                                               (1.1) 
Cathode:   OHeOHO 442 22                                                                             (1.2) 
Overall: heatyelectricitOHOH  222 22                                                         (1.3) 
 
 
 
 
Figure 1.1. Schematic of alkaline fuel cell (AFC) with a solid-state polymer separator 
also referred to as alkaline exchange membrane (AEM).  
 
 
 
AFCs offer advantages over other fuels cells, such as lower operating temperature (e.g., 
< 70 °C) and use of non-noble metal catalyst due to their facile oxygen reduction kinetics 
in basic environments.
1,2
 The initial drawback of the AFC was degradation issues 
associated with liquid electrolytes (e.g., carbonate precipitation).
3, 4
 A liquid electrolyte 
requires the oxidant feed gas stream to have low CO2 concentrations due to the sensitivity 
of KOH to the presence of CO2, where the hydroxyl ions tend to react with the CO2 
forming potassium bicarbonate (K2CO3) through the following series of reactions: 
5
  
 
4 
 
 
 
OHCOOHCO 2
2
32 2 
                                                                                         (1.4) 
  32 HCOOHCO                                                                                                     (1.5) 
  HCOHCO 233                                                                                                     (1.6) 
)(32
2
3 2 sCOKKCO 
                                                                                               (1.7) 
 
The formation of the K2CO3, which are large metal solid carbonate crystals, is the main 
cause of the decrease in performance of the AFC. The formation not only decreases the 
overall number of hydroxyl ions available to reaction at the anode, but also alters the 
electrolyte reducing its ionic conductivity. The carbonate precipitation in the electrolyte 
may also block pores in the gas diffusion layers decreasing AFC performance.
6
 Overall, 
the formation of K2CO3 results in low lifetime performance in AFCs, thereby prohibiting 
their commercialization. 
 
The use of ultra-pure feed gases would be required to eliminate CO2 poisoning, which is 
cost prohibitive and therefore, the commercialization of the AFC has not been feasible. 
However, this limitation in the AFC may be overcome by using a solid-state anion 
conducting polymer membrane as the electrolyte to replace the KOH solution. A solid-
state anion exchange membrane (AEM) eliminates the carbonate precipitation limitation 
since the cation is covalently attached to the polymer backbone preventing carbonate 
formation.
7
 Figure 1.1 shows the schematic representation of AFC with a solid-state 
AEM separator/electrolyte, i.e., solid-state AFC or alkaline exchange membrane fuel cell 
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(AEMFC). In this design, the AEM acts as both the electrolyte and separator between the 
cathode and anode. 
 
To achieve AEMFCs with high overall performance and lifetime, AEMs must possess the 
following desired properties: high hydroxide conductivity, high mechanical stability and 
flexibility, easily processesable, and highly (electro)chemically stable in basic 
environments. To date, there are no commercially available AEMs for AEMFCs, thus 
there is significant motivation to develop AEMs with the desired properties, as well as 
develop a fundamental understanding of transport-structure property relationships in 
AEMs, in order to achieve long-lasting, low-cost (i.e., non-platinum) fuel cells. 
 
1.1.2. Solid-State AEMs for AFCs 
 
Recently, several research groups have synthesized and characterized new AEMs for 
AFCs.
2, 8-66
 These new AEMs include graft polymers,
9, 13, 14, 25, 27, 46, 58, 67-70
 comb 
polymers,
45, 71-73
 cross-linked copolymers,
20
 random copolymers,
18, 23, 74-76
 and block 
copolymers.
19, 28-30, 47, 56, 57, 77, 78
 Examples of each type of AEM are shown in Figure 1.2.  
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Figure 1.2. Examples of AEMs in literature: (a) graft polymers,
67
 (b) cross-linked 
polymers,
20
 (c) comb polymers,
45
 (d) random copolymers,
23
 and (e) block copolymers.
29
 
 
 
 
Ionic block copolymers are particularly of interest due to their ability to self-assembly 
into a range of nanostructures (e.g., body-centered cubic spheres, hexagonal cylinders, 
bicontinuous gyroid, lamellae), where one block assists in ion transport and the other 
block assists in mechanical properties. In the solid-state, this nanostructured morphology 
in block copolymers has been shown to accelerate the transport of ions compared to 
random copolymers, which do not self-assemble.
55, 79
 There have been several recent 
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reports investigating hydroxide ion conductivity in block copolymers for alkaline fuel 
cells.
29, 47, 80, 81
 Watanabe and coworkers
29
 investigated hydroxide ion conductivity in 
aromatic multiblock copolymers of poly(arylene ether)s containing covalently attached 
quaternary ammonium cations. A high hydroxide ion conductivity of 144 mS cm
-1
 at 80 
°C in liquid water for the block copolymer with an ion exchange capacity (IEC) of 1.93 
meq/g was measured, which was ≈3 times higher than its analogous random copolymer at 
an IEC of 1.88 meq/g. The higher conductivity in the block copolymer compared to the 
random copolymer was attributed to a strong micro-phase separation observed in the 
block copolymer via electron microscopy. Coughlin and co-workers
47
 synthesized and 
investigated the morphology and conductivity of the block copolymer poly(styrene-b-
vinyl benzyl trimethylammonium hydroxide), PS-b-[PVBTMA][OH]. A hydroxide 
conductivity of 12.55 mS cm
-1
 at 80 °C and 90% RH was measured for the block 
copolymer with an IEC of 1.36 meq/g. Differences in hydroxide conductivity were 
observed between block copolymers of varying IEC, which was attributed to differences 
in morphology type and d-spacing observed with small-angle X-ray scattering. Elabd and 
coworkers
80
 synthesized and investigated the bromide and hydroxide conductivity in a 
polymerized ionic liquid (PIL) diblock copolymer poly(MMA-b-MEBIm-Br) or 
poly(methyl methacrylate-b-1-[(2-methyacryloyloxy)ethyl]-3-butylimidazolium 
bromide). In this work, the PIL block copolymer with 17.3 mol% MEBIm-Br 
composition or 1.4 meq/g ion exchange capacity (IEC) showed a high bromide 
conductivity of 5.67 mS cm
-1
 at 80 °C and 90% RH. The bromide conductivity of this 
PIL block copolymer was over an order of magnitude higher than its analogous PIL 
random copolymer (at the same IEC and water content) over a temperature range of 30 to 
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80 °C at high humidity (90% RH). Similar trends were also observed for the hydroxide 
anion as what was observed for the bromide anion. This increase in conductivity was a 
product of the strong micro-phase separation (lamellae) in the PIL block copolymer, 
where no microphase separation was evident in the PIL random copolymer. These recent 
observations in water-assisted ion transport in anion exchange block copolymers, such as 
ion conductivity higher in a block copolymer compared to its random copolymer has 
previously been observed in cation exchange block copolymers (e.g., sulfonated block 
copolymers).
82
 Therefore, these results are consistent across various ion conducting 
polymers indicating that if possible for high ion conductivity a block copolymer should 
be synthesized over their corresponding random copolymers.  
 
Along with the improvement of ion conductivity through block copolymers, the design of 
polymers that form ion clusters to enhance ion conductivity has also been explored. 
Nafion, the most frequently investigated proton exchange membrane (PEM), possesses a 
phase separated morphology with ion-rich and ion-poor domains.
83, 84
 The ion-rich 
domains are commonly referred to as ion clusters and when hydrated, these domains are 
connected and continuous throughout the membrane to allow for facile proton transport. 
In addition to Nafion, similar self-assembled connected continuous ion cluster 
morphologies have been observed in various PEMs, which have been achieved with 
numerous polymer chain architectures (e.g., graft copolymers, block copolymers).
85-87
 
Recently, this was clearly demonstrated in work by Balsara and coworkers
88
 in their 
study on a PEM triblock copolymer of polystrenesulfonate-block-polyethylene-block-
polystyrenesulfonate in both humid air and liquid water (fully saturated). Microphase 
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separated ion/water-rich channels were observed with scanning transmission electron 
microscopy within the polystyrenesulfonate microdomain under fully saturated 
conditions, but not under humid conditions. Interestingly, proton conductivity in the fully 
saturated state was four times higher compared to the humid condition, suggesting that 
the ion/water channels within the microdomains of the block copolymer impact ion 
transport. Generally, when ion clustering is observed using X-ray scattering or various 
microscopic techniques, the ion conductivity improves compared to similar non-
clustering PEMs due to the additional microphase separation.
89
 It is important to note that 
ion clusters can cause a large activation barrier for intercluster hopping, which may 
hinder ion conductivity in select polymers. Beers and Balsara
90
 suggested tailoring 
molecular weights to decrease domain sizes in block copolymers to prevent ion 
clustering, which in turn improved proton conductivity in their materials. Ion clustering 
has recently been observed in AEMs, including comb,
73
 graft,
91
 and aromatic
92
 polymers 
with the design goal of improving ion conductivity. Hickner and coworkers
92
 observed 
ion clustering in quaternary functionalized benzylmethyl-containing poly(arylene ether 
ketone)s (QA-PAEKS) with small-angle X-ray scattering. The QA-PAEKS AEMs 
possessed higher bromide conductivity than a randomly functionalized quaternary 
ammonium Radel (QA-Radel) AEM, where no ion clustering was observed in the latter 
AEM. From all of this previous work, it is clear that the design of the AEM can greatly 
influence the ionic conductivity whether it is through polymer architecture (e.g., block vs. 
random copolymer) or through additional morphological properties (e.g., ion clusters).  
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Increasing ionic conductivity can also be achieved by changing the cationic group 
attached to the membrane. However, changing the cationic group affects the chemical 
stability of the AEM in the hydroxide (OH
-
) form. Many known degradation pathways 
take place to both the cation, as well as the polymer backbone due to the high 
nucleophilicity and basicity of the OH
-
 ions produced in the AFC. The result of the 
degradation causes a loss of the number of anionic exchange groups therefore, decreasing 
the overall ionic conductivity. In principle, an ideal AEM candidate for durable long-
lifetime AFC performance should possess the following properties: excellent alkaline ion 
conductivity, chemical stability, and mechanical strength. 
 
Shown in Figure 1.2, the ammonium cation is the most frequently employed cation in 
AEMs owing to ease of functionalization, high conductivity and thermal stability.
55, 74, 92-
96
 However, ammonium cations are known to degrade over time in alkaline conditions by 
Hofmann or β–hydrogen (E2) elimination,97 direct nucleophilic substitution (SN2),
98
 and 
ylide formation.
99
 The most common stability protocol is to immerse an AEM in a 
concentrated alkali solution (1-3 M aqueous KOH) at elevated temperatures (60 – 80 °C) 
and monitor the ionic conductivity over time.
43
  A loss in conductivity is attributed to the 
degradation of the ionic sites in the membrane. Various attempts to improve the alkaline 
stability of the ammonium cation have been attempted where the most common way is to 
synthesis AEMs without hydrogens at the β position to the quaternary hydrogen.100 Such 
AEMs are resistant to the Hofmann elimination, which aids in improving the alkaline 
stability.  
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Another approach to increase the alkali stability is to introduce a long spacer chain 
between the tether cation and the polymer backbone. Tomoi et al.
101
 reduced the SN2 
degradation reactions by introducing an alkyl spacer longer than propylene in their anion 
exchange resins. Similarly, Hibbs et al.
54
 observed an improvement in stability with a 
poly(phenylene) backbone comparing a hexylmethylene trimethylammonium to a benzyl 
trimethylammonium  with a conductivity loss of 5% vs. 33%, respectively, after 
immersion in 4 M KOH at 90 °C for 14 days. The incorporation of the long alkyl spacer 
increases the alkaline stability by decreasing the probability of Hofmann elimination.   
 
More recently, in an attempt to improve chemical stability, new AEMs with various 
alternative cations, including imidazolium,
102-106
 guanidinium,
35
 and phosphonium,
107, 108
 
have been synthesized as alternatives to quaternary ammonium. Specifically, 
imidazolium has gained the most interest due to its resonance structure, which weakens 
the interaction and attack of the hydroxide ion, because of the delocalized positive charge 
and conjugated π-electrons within the ring structure.24  However, to date, a few of these 
newly proposed AEMs have been investigated in an AFC, where most AFC performance 
literature to date continues to use ammonium-based AEMs and few use the same 
chemistry as the ionomer in the catalyst layers.
2, 8, 13, 23, 27, 34, 38-42, 44, 45, 51-53, 59-65, 67, 69, 105, 
109-115
 Table 1.1 and Table 1.2 list a summary of recent AFC performance results using 
AEMs.   
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Table 1.1. AFC literature results. 
Max. 
Power 
(mW/cm
2
) 
Temp 
(°C) 
Pt 
(mg/cm
2
)
a
 
Ionomer AEM Thickness 
(μm) 
Ref. 
823 60 0.4 TMA on PVBC X-23 LDPE 50 
69
 
240 80 0.2 poly(phenylene) SEBS-TMA 30-50 
115
 
230 50 0.4 AS-4 PBI-c-PVBC/OH N/A 
59
 
164 50 0.4 SION1 GVBC on ETFE 90 
114
 
158 15 0.8 qPVB/Cl qPVB/OH N/A 
27
 
145 50 0.5-0.6 comb-shaped PPO A201 N/A 
45
 
139 40 0.2 QPAF(C6)-2 QPAF(C6)-2 54 
64
 
130 60 0.5 SION1 ETFE-g-PVC 51 
13
 
125 40 0.4 AS-4 PVAc/OH 40-50 
110
 
115 35 0.8 qPMVMA qPMVMA 100 
34
 
107 60 1.0 ImPES-0.85 ImPES-0.85 23 
65
 
92 50 1.0 N/A MIM-CPES-3/1 40 
61
 
89 75 0.8-1.2 [PNVMP/PVA]OH [PNVMP/PVA]OH 40-70 
60
 
80 70 0.4 QPMBV QPMV-PDVB N/A 
42
 
79 60 1.0 QPEN-0.8 QPEN-0.8 25 
62
 
66 60 1.0 ImPESN-19-22 ImPESN-19-22 39 
63
 
55 50 0.5 SION1 PVCDA N/A 
109
 
48 40 2 [VBMI]Cl/styrene ETFE 45 
67
 
35 60 1.0 N/A QPMBV 120 
23
 
a
Platinum loading in the anode and cathode. 
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Table 1.2. AFC literature results continued. 
Max. 
Power 
(mW/cm
2
) 
Temp 
(°C) 
Pt 
(mg/cm
2
)
a
 
Ionomer AEM Thickness 
(μm) 
Ref. 
33 30 2.0 [VBMI]Cl/styrene [VBMI]Cl/styrene N/A 
111
 
30 50 0.4 SION1 BPPO-Im N/A 
39
 
30 25 0.5 Nafion PVA/PDDA OH- 70 
52
 
29.5 45 0.4 PES-EtIm/OH PES-MeIm/OH 40-50 
112
 
16 60 1-2 PSf-ImOH PSf135-ImOH 65 
105
 
16 50 0.4 SION1 GPPO 80 
40
 
13 50 0.4 SION1 BIm-PPO N/A 
53
 
6 50 0.4 SION1 QPPT-35 N/A 
44
 
3.1 25 0.4 N/A QPBI-2/1-OH 50 
41
 
1 50 0.4 SION1 ETFE-g-PVBC 50 
38
 
a
Platinum loading in the anode and cathode. 
 
For these studies, a range of maximum power densities has been reported (1 to 823 mW 
cm
-2
) with most reports less than 150 mW cm
-2
 and with few reporting on lifetime 
performance. The AFC test temperatures ranged from 25 °C to 80 °C with the most 
common temperature being 60 °C in order to prevent cation degradation, which can 
increase at higher temperatures. It is also important to note that the membrane thickness 
should be as thin as possible in order to minimize resistance, but still be mechanically 
strong, which is usually about 40 to 90 μm. In Table 1.1 and 1.2, the most common 
ionomer used in the electrodes is SION1. Surrey developed SION1
109
, as shown in Figure 
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1.3, by the crosslinking poly(vinylbenzyl chloride) with tetramethylhexanediamine 
(TMHDA) followed by ion exchange to hydroxide. However, the SION1 ionomer 
contains β-hydrogens, which allow Hofmann elimination degradation limiting stability to 
below 60 °C. The low performance (< 30 mW cm
-2
) of the selected publications in Table 
1.1 and 1.2 using SION1 is mostly due to the high resistance and incapability between the 
membrane and the ionomer.  
 
 
 
 
 
Figure 1.3. Chemical structure of SION1.
109
 
 
 
 
A similar chemistry is desired for the ionomer and membrane to have low cell resistance 
and high performance, however, solubility of the polymer in organic solvents is the 
limiting step in designing ionomers. Ono and coworkers
64
 synthesized an aromatic 
copolymer, QPAF, by nickel promoted polycondensation reaction of perfluoroalkylene 
and phenylene groups. A high hydroxide conductivity of 95.5 mS cm
-1
 was measured at 
80 °C in water with an ion exchange capacity (IEC) of 1.26 meq g
-1
. Using this highly 
CH2Cl
2 x
+ (H3C)2N-(CH2)6-N(CH3)2
+ KOH exchange
NN (CH2)6
OHOH
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conductive membrane as both the ionomer and membrane in an AFC achieved a 
maximum power density of 139 mW cm
-2
 at a current density of 420 mA cm
-2
. Even with 
a relatively high hydroxide conductivity of 95.5 mS cm
-1
, the AFC results did not 
compare to the current performance in PEMFCs (> 1 W cm
-2
). Therefore, future research 
in AFC performance and AEMs is still ongoing, where improving conductivity, chemical 
stability, and performance are primary interests.  
 
1.1.3 Lithium – ion batteries. 
 
The first commercially available Li-ion battery was introduced in the 1970’s and was 
non-rechargeable.
116
 The initial Li-ion battery used a lithium metal anode, but was 
deemed unsafe due to its instability from the passivation layer on its surface called solid 
electrolyte interface (SEI). The formation of the SEI can lead to thermal runaways and 
even explosions. In order to design a safe battery, one could either choose an electrolyte, 
which prevents the SEI formation or use a different anode material than metallic lithium.  
The feasible of choosing a different electrolyte was initially demonstrated using a 
complex of a lithium salt (e.g., lithium trifate) in a polymer (e.g., poly(ethylene oxide) 
(PEO)). However, safety concerns with regard to metallic lithium anodes prevented 
commercialization.  
 
Therefore, research shifted to developing Li-ion batteries where, instead of metallic 
lithium, only lithium ion accepting and releasing compounds are used. In 1991, Sony was 
the first to commercialize the Li-ion rechargeable battery using a non-metallic lithium 
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metal anode dramatically increasing the energy density traditionally found in electronic 
devices.
117
  Figure 1.4 depicts the modern Li-ion battery in which graphite is used at the 
anode and lithium cobalt oxide (LiCoO2) at the cathode. The main reactions of the 
reversible Li-ion battery are the intercalation-deintercalation cycle between the two layer 
compounds with an electrolyte providing a conductive medium for Li-ions to diffuse 
between electrodes. The overall reactions are given by: 
 
Cathode: 
25.02 CoOLieLiLiCoO 
                                                                      (1.8) 
Anode:   
66 LiCeLiC 
                                                                                     (1.9) 
Overall: 25.062 CoOLiLiCLiCoOC                                                                   (1.10) 
 
Current research is focused on developing new materials for the anode, cathode, and 
electrolyte with emphasis on maximizing energy density. Current cathode materials are 
usually layered transition metal oxides or phosphate active materials, including lithium 
cobalt oxide (LiCo2), lithium nickel oxide (LiNiO2), lithium manganese oxide 
(LiMn2O4), and lithium iron phosphate (LiFePO4) with each having their own advantages 
and disadvantages.
118
 While anodes are typically graphite due to its excellent properties, 
such as low cost and good recyclability, the design of higher capacity materials is still 
desired. Therefore many materials have been investigated as anodes including porous 
carbon, alloys, nitrides, sulfides, phosphides, and oxides.
119
 Similarly to the cathode 
materials, each anode material has several advantages and disadvantages. The design of 
Li-ion batteries not only depends on the anodes and cathodes, but also the electrolyte.  
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Figure 1.4. Schematic of Lithium-ion battery. Adapted from [120]. 
 
 
 
The key property of the electrolyte is the ion conductivity of the solution, which 
determines how mobile the free Li
+ 
ions are along with power output of the cell. The 
electrolyte must cater to the properties of electrodes, anode and cathode, with 
traditionally electrolytes being nonaqueous organic carbonate ester solvents with 
dissolved lithium hexafluorophosphate (LiPF6). Ethylene carbonate (EC) is typically used 
due to its lack of passivation phenomena along with additional of other carbonates 
including dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl-methyl 
carbonate (EMC) in various ratios in order to improve anodic stability. Also, various 
other lithium salts, besides LiPF6, have been explored including LiAsF6, LiClO4, LiBF4, 
and LiTFSI each with their own disadvantages, such as corrosion of current collectors 
when using LiTFSI.
121
 Other materials have also been explored as electrolytes including 
room temperature ionic liquids (RTILs) and aqueous electrolytes where an enhancement 
in non-flammability, safety, and conductivity has been observed.
122, 123
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Along with the electrolyte, a separator must be placed between the cathode and anode to 
prevent physical contact of the electrodes while enabling free ionic transport and 
preventing electronic shorts. The separator is typically a non-woven fabric mat or a 
porous polymeric membrane (e.g., Celgard), which absorbs the liquid electrolyte due to 
its porosity.
124
 The separator therefore acts as a medium to conduct ions and also an 
electron resistant separator between the anode and cathode. Therefore, research into 
solid-state electrolytes and separators for Li-ion batteries is underway in order to combine 
the electrolyte and separator into a single material. The motivation and benefits of using a 
polymeric membrane in an Li-ion cell include: (1) suppression of dendrite growth, (2) 
enhanced endurance to varying electrode volume during cycling, (3) reduced reactivity 
with liquid electrolytes, (4) improved safety, and (5) better shape flexibility and 
manufacturing integrity.
125
 The polymeric membrane must have certain desired 
properties, such as high ionic conductivity, chemical, thermal, and electrochemical 
stability, while also being mechanically strong. To date, there are limited commercially 
available membrane separators/electrolytes for Li-ion batteries, therefore there is 
significant motivation to develop highly conductivity, robust, and electrochemically 
stable polymer membranes. Further research in understanding the fundamental transport 
properties is needed in order to advance the understanding of solid-state 
separators/electrolytes and provide a future for long-lasting and safe Li-ion batteries.  
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1.1.4. Solid-State electrolytes and separators for Lithium – ion batteries. 
 
To date, there have been many different solid-state polymeric membranes synthesized 
and characterized for application to Li-ion batteries.
117, 125-140
 The role of the membrane is 
to be a carrier for ions (lithium conductor) and act as a barrier for electrons (electronic 
insulator). Most importantly, the solid-state membrane must have sufficient ambient 
temperature ionic conductivity (i.e., 10
-3
 – 10-2 S cm-1) in order to achieve performance 
level of liquid electrolyte systems with discharge currents on the order of several mA cm
-
2
.
133
 The electrochemical stability must extend from 0 V up to 4.5 V vs. Li/Li
+
 in order to 
use graphite or lithium anodes and LiCoO2 or LiMnO4 cathodes. Good chemical stability 
prevents undesired reactions at the electrodes and high thermal stability allows a suitable 
temperature range of operation with high mechanical properties allowing free-standing 
membranes that can be easily processable. Last, the ionic transference number should be 
close to unity. The transference number determines the potential transporting ions 
moving in the polymer electrolyte, where a value close to one should achieve higher 
energy/power density batteries due to the smaller concentration polarization within the 
polymer electrolyte.
141
  
 
There are two main types of polymer systems: the solid polymer electrolyte (SPE) and 
gelled polymer electrolytes (GPE). SPEs are high molecular weight polyethers, such as 
poly(ethylene oxide) (PEO) and poly(phenylene oxide) (PPO),
142
 which act as solid 
solvents to dissolve lithium salts, such as LiPF6, LiTFSI, or LiBF4. The basic structure of 
SPEs is the PEO or PPO polymer chains coiled around Li
+ 
ions separating them from the 
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counteranion.
140
 The ionic conductivity mechanism of SPEs is determined by the local 
segmental motion of the polymer, which dependent on the polymers glass transition 
temperature (Tg), as well as the degree of crystallinity. However, PEO can crystallize 
below 70 °C, therefore for practical battery applications with a conductivity needed of at 
least 10
-4
 S cm
-1
, the temperature range must be 70 to 90 °C. Thus, room temperature 
SPEs still suffer from poor ionic conductivity lower than 10
-5
 S cm
-1
 with more recent 
attempts to increase the room temperature conductivity by adding plasticizers, such as 
low molecular weight poly(ethylene glycol) or organic solvents to decreasing the degree 
of crystallinity and the Tg.
140
 The ideal SPE for an all solid-state battery would have the 
high room temperature ionic conductivity of a liquid (for high overall storage capacity, 
energy, and power), the mechanical properties of a solid (for improved stability and 
cyclability), and the formability of a thermoplastic (for good processability and 
flexibility).  
 
GPEs are obtained by imbibing organic solvents or liquid plasticizers into a polymer 
matrix, which is capable of forming a stable gel with the polymer host structure.
143
 Due 
to their unique hybrid network structure, gels possess the cohesive properties of solids 
and transport properties of liquids. GPEs typically have a higher ambient ionic 
conductivity than SPEs, on the order of 10
-3
 S cm
-1
, but have poor mechanical properties. 
In order to improve the mechanical properties, GPEs can be formed by either chemical or 
physical crosslinking processes. Crosslinking improves mechanical strength, but also 
lowers the ionic conductivity. Typical polymer hosts for GPEs include poly(ethylene 
oxide) (PEO)
135, 136
, poly(vinylidene fluoride) (PVdF)
131
, poly(acrylonitrile) (PAN)
137
, 
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and poly(methyl methacrylate) (PMMA)
134, 144
 with the plasticizers including EC, PC, 
DEC, DEC, and dimethyl formamide (DMF). The plasticizers used in GPEs are similar to 
the electrolytes used in liquid electrolyte lithium-ion batteries, therefore there are similar 
disadvantages in GPEs as there are for liquid electrolyte batteries.  
 
Hence, future research in designing polymer electrolytes for Li-ion batteries is still 
ongoing, where improving room temperature conductivity, chemical, thermal, and 
electrochemical stability, and mechanical strength are the main interest.  
 
1.2. Polymerized Ionic Liquid Block Copolymers  
 
For applications, such as AFCs and Li-ion batteries, polymeric membranes must require 
high conductivity, chemical, thermal, and electrochemical stability, but also require 
robust solid-state films. Polymerized ionic liquid (PIL) block copolymers are a distinct 
set of block copolymers that combine the properties of both ionic liquids (ILs) and block 
copolymers which provides the opportunity to design the highly conductive robust solid-
state electrolytes.
76, 79, 145-147
 ILs are salts that are composed of an organic cation with an 
organic or inorganic anion with ion pairing that is weakly coordinated. Normally ILs 
have a melting point below 100 °C or lower. When the melting point is below room 
temperature, ILs are classified as room temperature ionic liquids (RTILs). ILs possess 
unique physiochemical properties including, non-flammability, negligible vapor pressure, 
high ion conductivity, a wide electrochemical window, high chemical and thermal 
stability, and a broad chemical diversity due to the catalog of various cations and anions 
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available to form ILs. The first polymerization of an ionic liquid was in the late 1990s by 
Ohno, which formed a polymerized ionic liquid (PIL), where the ionic liquid moieties are 
covalently attached to the polymer backbone.
148
 The cation is covalently attached to the 
polymer backbone allowing only the anion to be mobile resulting in a single-ion 
conductor compared to ILs, where both the cation and anions are mobile. The weak 
electrostatic ion pair interactions found in ILs are still relevant in PILs, which results in 
low glass transition temperatures compared to other ion-containing polymers with high 
glass transition temperatures due to strong electrostatic ion pair interaction.  
 
The low glass transition temperatures of PILs limits their application in electrochemical 
devices dues to poor mechanical properties, therefore the use of PIL block copolymers 
has emerged as a new polymeric material that can have orthogonal properties, including 
high modulus (from the non-ionic polymer) and high conductivity (from the PIL). More 
specifically, the unique physiochemical properties of PILs including high solid-state ionic 
conductivity, high chemical, thermal, and electrochemical stability, and widely tunable 
physical properties (e.g., via anion exchange) along with the unique properties of block 
copolymers, which are known to self-assemble into a range of nanostructures. In the 
solid-state, this self-assembly results in materials that can accelerate the transport of ions 
and small molecules within continuous nanostructured channels, where the PIL chemistry 
within these channels offer unique property advantages, such as high electrochemical 
stability for hydroxide or lithium ions or high preferential sorption affinity for carbon 
dioxide. An example chemical structure of a PIL block copolymer with various cations 
and anions is shown in Figure 1.5. The first PIL block copolymer was synthesized in 
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2004 by Waymouth and coworkers with imidazolium-functionalized PS diblock 
copolymers for micelle assemblies.
149
 These unique features of PIL block copolymers 
have led to their recent exploration for a number of applications, including gas 
separations
150, 151
 and electrochemical transducers.
152
 The significant interest in PIL block 
copolymers is not only because they have both the properties of ionic liquids and block 
copolymers, but also the ability to significantly impact properties through subtle chemical 
changes (e.g., via anion exchange). These properties provide the opportunity to 
investigate PIL block copolymers as AEMs for AFCs and as solid-state separators for 
lithium-ion batteries, the topic of this dissertation. The sections below highlight recent 
literature findings on PIL block copolymers.  
 
 
 
 
Figure 1.5. PIL block copolymer: (upper left) illustration of polymer chain architecture, 
(upper right) example chemical structure, (lower left) example cations, (lower right) 
example anions. Adapted from [153] 
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1.2.1. Water-assisted ion transport in PIL block copolymers 
 
The ion transport for membranes in an AFC is under hydrated conditions; therefore PIL 
block copolymers that conduct hydroxide (OH
-
) anions under hydrated conditions are of 
interest. Since OH
-
 anions are sensitive to atmospheric CO2 which can lead to conversion 
of both carbonate and bicarbonate anions (i.e., CO3
2-
 and HCO3
-
),
16, 38
 model hydrophilic 
anions (e.g., Cl, Br
-
) have also been investigated. Ion transport in PIL block copolymers 
that use hydrophilic anions is dictated by a water-mediated mechanism, which has 
Arrhenius behavior with temperature.
154
 Several research groups have recently 
investigated the water-assisted ion transport in PIL block copolymers, including Elabd 
using reversible addition-fragmentation chain transfer (RAFT) polymerization
80, 155
 and 
Balsara using nitroxide-mediated controlled radical (NMP) and RAFT polymerization
107, 
156
 
 
Balsara and coworkers
156
 synthesized and investigated the chloride and hydroxide 
conductivity in a PIL diblock copolymer PS-b-PCMS or quaternized polystyrene-block-
polychloromethylstyrene. PS-b-PCMS was quaternized to trimethylammonium chloride 
and n-butylimidazolium chloride in order to investigate the impact on the cation on 
morphology, water uptake, and conductivity. The volume fractions of the ion-containing 
block ranged from 0.26 to 0.60, which resulted in lamellar morphology for all samples 
regardless of bound ion or chain length. The water uptake for both the ammonium and 
imidazolium functionalized PS-b-PCMS block copolymers was a weak function of 
temperature, however the imidazolium samples equilibrated more slowly in liquid water 
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than the ammonium samples. The chloride (Cl
-) conductivity of both samples were ≈10-2 
S cm
-1
 at 40 °C with the ammonium functionalized sample slightly higher. The ion 
exchange to hydroxide (OH
-
) increases the conductivity of both samples by a factor of 
10. This study determined that the cation attached to the polymer backbone had little 
effect on self-assembly, water uptake, and ionic conductivity.  
 
Balsara and coworkers
107
 also synthesized a poly[(styrene)-block-((2-
acryloxy)ethyltributylphosphonium bromide)] diblock copolymers (STBP) by 
functionalization of the diblock copolymer precursor poly[(styrene)-block-(bromoethyl 
acrylate)] (SBEA) with tributylphosphine. The volume fraction of the PIL block was 
fixed at ≈0.57, while the overall molecular weights ranged from 31 to 87 kg mol-1. The 
samples self-assembled into a lamellar morphology, where increasing the molecular 
weight resulted in increasing domain sizes. Increasing the domain size by a factor of 2 
results in a 3-fold increase in bromide conductivity up to 21 mS cm
-1
,
 
however, the 
increase in domain size did not increase the water uptake (λw = 8). The low water uptake 
and high ionic conductivity was attributed to the long alkyl chains on the 
tributylphosphonium group. This study was the first report on the effect of domain size 
on anion conductivity by keeping composition and volume faction fixed.  
 
Recent work by Elabd and coworkers
80
 synthesized and investigated the bromide and 
hydroxide conductivity in a PIL diblock copolymer poly(MMA-b-MEBIm-Br) or 
poly(methyl methacrylate-b-1-[(2-methyacryloyloxy)ethyl]-3-butylimidazolium 
bromide). In this previous work, the PIL block copolymer with 17.3 mol% MEBIm-Br 
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composition or 1.4 meq/g IEC showed a high bromide conductivity of 5.67 mS cm
-1
 at 80 
°C and 90% RH. The bromide conductivity of this PIL block copolymer was over an 
order of magnitude higher than its analogous PIL random copolymer (at the same IEC 
and water content) over a temperature range of 30 to 80 °C at high humidity (90% RH) as 
shown in Figure 1.6. Similar trends were also observed for the hydroxide anion as what 
was observed for the bromide anion. This increase in conductivity was a product of the 
strong micro-phase separation (lamellae) in the PIL block copolymer, where no 
microphase separation was evident in the PIL random copolymer. Surprisingly, the 
bromide ion conductivity in this PIL block copolymer was higher than its analogous PIL 
homopolymer, which had a higher IEC (3-fold) and water content (2-fold) than the block 
copolymer. In a follow up study, similar results were observed in other PIL compositions 
(11.9 and 26.5 mol% MEBIm-Br) and was attributed to local confinement of ions and 
water in PIL microdomains enhancing conductivity.
155
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Figure 1.6. PIL block copolymer (blue), PIL homopolymer (black), PIL random 
copolymer (red) bromide conductivity.  Adapted from [80].  
 
 
 
In summary, for work focused on water-assisted anion transport (e.g., OH
-
, Br
-
, Cl
-
) the 
morphology type, cation type and location, domain size, and water uptake have a 
significant impact on the ion conductivity in PIL block copolymers.  However, there is 
still limited knowledge and reports on water-assisted ion transport in PIL block 
copolymers, as well as no reports of using a PIL block copolymer as the AEM in an AFC.  
 
1.2.2. Dry ion transport in PIL block copolymers  
 
PIL block copolymers can also be used for applications that require dry ion transport, 
such as lithium-ion batteries, due to their tunable chemistry via anion exchange. PIL 
block copolymers can be used as a solid-state electrolyte and separator (SPEs) by 
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replacing the liquid electrolyte and separator found in lithium-ion batteries, which can 
alleviate safety concerns while offering desirable mechanical properties. The unique 
nature of PIL block copolymers allows the PIL block to solvate lithium salts to provide a 
continuous ion-conducting pathway, while the other block provides the mechanical 
strength in an ordered nanostructured morphology. To date, the emphasis of the ion 
conductivity studies in PIL block copolymers has focused on fluorinated counter anions 
(e.g., TFSI
-
, BF4
-
, PF6
-
) without a source of lithium or lithium salt. Ion transport in PIL 
block copolymers that use hydrophobic anions is dictated by a segmental dynamics 
mechanism of the polymer chains, which has Volgel-Fulcher-Tammann (VFT) behavior 
with temperature.
103
 Several research groups have recently investigated the dry ionic 
transport in PIL block copolymers including: Elabd using RAFT polymerization,
79, 146
 
Long using NMP,
76, 147
 Lodge using RAFT polymerization,
150
 Mahanthappa using 
NMP,
145
 and Segalman using atom transfer radical polymerization (ATRP).
157
 
 
Recent work by Elabd and coworkers
79
 synthesized a series of  single-ion conductor PIL 
block copolymers, poly(MMA-b-MEBIm-TFSI),  comprised of the ionic liquid 
monomer, 1-[(2-methacryloyloxy)ethyl]-3-butylimidazolium 
bis(trifluoromethanesulfonyl)imide (MEBIm-TFSI), and a nonionic monomer, methyl 
methacrylate (MMA). The partial affinity between the PIL and PMMA blocks resulted in 
a weakly microphase-separated morphology with no long range order evidenced by 
SAXS and TEM. The block copolymer was compared to its analogous random 
copolymer, poly(MMA-r-MEBIm-TFSI), which showed no microphase separation.  At 
similar PIL composition, the ionic conductivity of the block copolymer was 2 orders of 
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magnitude higher than the random copolymer. The higher conductivity was attributed to 
the differences in morphology, where the block copolymer is microphase separated 
providing local confinement of ions within the nanoscale ionic domains.  
 
Elabd and coworkers
146
 further improve the ionic conductivity by synthesizing a series of 
strongly microphase-separated PIL copolymers, poly(styrene-b-1-((2-acryloyloxy)ethyl)-
3-butylimidazolium bis(trifluoromethanesulfonyl)imide) (poly(S-b-AEBIm-TFSI)). By 
varying the PIL composition (6.6 – 23.6 PIL mol%) a variety of morphologies were 
observed including hexagonally packed cylinders, lamellae, and coexisting lamellae and 
network morphologies. Comparing this strong microphase separated PIL block 
copolymer, poly(S-b-AEBIm-TFSI)), to the weakly microphase separated PIL block 
copolymer, poly(MMA-b-MEBIm-TFSI), at the same PIL volume fraction (≈41 vol%), 
an increase in conductivity of ≈1.5 – 2 orders of magnitude was observed over the 
temperature range studied as shown in Figure 1.7.  The conductivity in poly(S-b-AEBIm-
TFSI) also increased with increasing PIL content as the morphology transitioned from 
hexagonally pack cylinders to a coexisting lamellar and network morphologies. This 
study determined that designing PIL block copolymers with a strong-microphase 
separated morphology increases the transport properties (i.e., ionic conductivity).   
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Figure 1.7. Temperature-dependent in-plane ionic conductivity of poly(MMA-b-
MEBIm-TFSI-13.4) and poly(S-b-AEBIm-TFSI-17.0) PIL diblock copolymers at similar 
PIL compositions (≈41 vol%). Adapted from [146]. 
 
 
 
In summary, for work based on dry ion transport with fluorinated anions (e.g., TFSI
-
) the 
morphology type, strength of microphase separation, and glass transition temperature of 
the PIL block copolymer all play a role on the ion conductivity. Microphase separation 
resulted in increased conductivity over non-microphase separated PIL copolymers.
79
 
Increasing the strength of the microphase separation from weakly microphase separated 
to strongly microphase separated also improves the ion conductivity.
146
 
 
1.2.3. PILs as SPEs for lithium-ion batteries 
 
Currently, there are only a few reports of PILs as solid-state electrolytes and separators in 
batteries, where the PIL SPE typically consists of a mixture of lithium salt and IL 
imbibed in the film.
126, 129, 132, 158-160
 Most of these studies have examined PIL 
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homopolymers, where an IL monomer is polymerized using free-radical polymerization 
to produce a PIL as the SPE. Appetecchi et al.
132
 synthesized a 
poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide PIL and 
incorporated the PYR14-TFSI IL with Li-TFSI salt within the SPE. The PIL with 60 wt% 
IL/salt had a conductivity of 0.5 mS cm
-1 
at 40 °C and a Li/LiFePO4 solid-state battery 
discharge capacity of 82.3% of the theoretical capacity at 40 °C. Sato et al.
160
 synthesized 
an ammonium-based PIL, poly(N,N-diethyl-N-(2-methacryloylethyl)-N-
methylammonium bis(trifluoromethylsulfonyl)imide)  (poly(DEMM-TFSI)), and added a 
mixture of DEME-TFSI/Li-TFSI and achieved a discharge capacity of 97.7% of 
theoretical and a Coulombic efficiency of 97% at 40 °C with this PIL + IL/salt as the 
electrolyte and separator in a battery using Li4Ti5O12 and LiMn2O4 as the anode and 
cathode, respectively. However, the use of homopolymers can lead to battery failure 
overtime due to the low mechanical properties of some homopolymers. Li et al.
158
 
copolymerized a guanidinium-based IL monomer with methyl acrylate to form a random 
copolymer. This PIL random copolymer acted as a host for a guanidinium-based IL, Li-
TFSI salt, and nano-sized SiO2 and was incorporated as the solid-state electrolyte and 
separator in Li/LiFePO4 batteries. This SPE had a relatively low ionic conductivity 0.117 
mS cm
-1 
even at a high temperature of 80 °C. Therefore, batteries tests were conducted at 
this high temperature of 80 °C with a discharge capacity of 93% of the theoretical 
capacity and capacity fade of 0.27 mAh g
-1
 per cycle.  
 
Although there are now a number of recent studies on the conductivity and morphology 
of PIL block copolymers,
76, 144-146, 153, 161, 162
 as shown in Section 1.1.2, there are few that 
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examine the conductivity of lithium ions in PIL block copolymers. Recent work by Wang 
et al.
128
 reports on the ionic conductivity (0.47 mS cm
-1
 at 100 °C) and electrochemical 
stability of (4.2 V vs. Li/Li
+
) of a PIL block copolymers with additional PIL (50.7 mol%) 
and Li-TFSI (5 wt%). However, they did not report on battery performance for this PIL 
block copolymer. To date, there are no reports of a PIL block copolymer as the 
electrolyte and separator in a lithium-ion battery. 
 
1.3. Summary and Outline of Research  
 
In this study, solid-state separators were developed for electrochemical applications 
including AEMs for AFCs and SPEs for lithium ion batteries with imidazolium-based 
PIL block copolymers being of particular interest. Solid-state separators must have high 
ionic conductivity while being mechanically robust in order to be used as either an AEM 
or a SPE. The transport properties, self-assembled morphology, chemical, thermal and 
electrochemical stability, and device performance of these PIL block copolymers were 
investigated. Significant progress was achieved in designing AEMs and SPEs with 
optimal transport and mechanical properties with an emphasis on electrochemical device 
performance.  
 
PIL block copolymers offer the flexibility to be used in many different electrochemical 
applications due to the numerous cations and anions available, mechanically reinforcing 
block, as well as a range of molecular weights and compositions where selection of these 
parameters results in PIL diblock copolymers where the morphology and ionic 
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conductivity can be altered in the solid-state for either water-assisted (e.g., AFCs) or dry 
(e.g., lithium-ion batteries) ion transport. For PIL block copolymers focused on water-
assisted ion transport (e.g., Br
-
, HCO3
-
, OH
-
) it has been determined that the microphase-
separated morphology of the PIL block copolymer enhances the ionic conductivity over 
its analogous random copolymer
80
 and homopolymer
154
 due to local confinement of ions 
within the PIL nanochannels increasing the transport properties. Therefore, PIL block 
copolymers are of high interest for use as AEMs for AFCs due to their enhanced 
transport properties, however, to date there are no reports of AFC performance using a 
PIL block copolymer. The absence of AFC results is primarily due to the lack of 
mechanical properties under dry conditions (i.e., MEA fabrications conditions) due to the 
high Tgs (> 100 °C) of both copolymer blocks resulting in non-flexile, brittle 
membranes.
80
  The work presented in this dissertation for water-assisted ion transport 
will focus on filling the significant gaps remaining in AEM design literature by 
synthesizing novel PIL block copolymers for use as AEMs in order to provide 
mechanically robust membranes at membrane electrode assembly (MEA) fabrication 
conditions. The morphology/conductivity relationships of these novel PIL block 
copolymers were investigated to further understand the role of PIL block copolymer 
chemistries impact on ion conductivity, more importantly the location of the imidazolium 
moiety with respect to the polymer backbone. The application of the novel PIL diblock 
copolymer as the ionomer and AEM in an AFC was investigated to maximize 
performance by comparing multiple fabrication techniques. RDE half-cell experiments 
were used to understand the ionomers impact on the reaction kinetics in the electrodes, as 
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well as the relatively chemical stability under applied potential of the PIL block 
copolymer.  
 
For PIL block copolymers focused on dry ion transport with fluorinated anions (e.g., 
TFSI
-
) it has been determined that the morphology type, strength of microphase 
separation, and glass transition temperature of the PIL diblock copolymer all play a role 
on the ion conductivity. PIL block copolymers with a microphase separated morphology 
resulted in increased conductivity over non-microphase separated PIL random 
copolymers
79
, as well as increasing the strength of the microphase separation from 
weakly microphase separated to strongly microphase separated also improves the ion 
conductivity in PIL diblock copolymers.
146
 Therefore, PIL block copolymers are of high 
interest for use as SPE for lithium-ion batteries due to their enhanced transport properties, 
however, to date there are no reports of lithium-ion battery performance using a PIL 
block copolymer as a solid-state electrolyte and separator. There have been several 
reports of PILs homopolymers used as SPEs in lithium-ion batteries,
129, 132, 160
 however, 
the low ionic conductivity of the samples at room temperature prevented room 
temperature lithium-ion battery results. The last part of this dissertation seeks to improve 
SPEs for lithium-ion batteries by synthesizing novel PIL diblock copolymers as solid-
state electrolytes and separator in order to provide mechanically robust membranes with 
high conductivity at ambient temperatures.   
 
Chapter 2 is a study on the synthesis and characterization of a novel PIL diblock 
copolymer with a long alkyl side chains between the polymer backbone and imidazolium 
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moiety at various PIL compositions with a focus on the bromide ionic conductivity in 
relation to its analogous homopolymer. Chapter 3 investigates the bromide transport-
morphology relationship between two similar PIL diblock copolymers under dry, 
humidified, and saturated conditions. In Chapter 4, the AFC performance of a 
bicarbonate-conducting PIL diblock copolymer as an ionomer and AEM in an AFC was 
explored. Chapter 5 uses a RDE half-cell technique to determine the effect of a PIL 
diblock copolymer ionomer on the kinetics of the AFC half-cell reactions. The RDE half-
cell technique is also used in Chapter 6 in order to determine the chemical stability of a 
PIL diblock copolymer under applied potentials. In Chapter 7, the synthesis and 
characterization of a novel TFSI-conducting PIL diblock copolymer imbibed with a 
mixture of lithium salt/ionic liquid was investigated along with its performance as a 
solid-state electrolyte and separator in lithium-ion batteries. Chapter 8 concludes with a 
summary of the contributions of this dissertation towards advancement of PIL diblock 
copolymers for both AEMs and SPEs in AFCs and lithium-ion batteries, respectively, as 
well as proposed future work on the topic of this dissertation.   
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Chapter 2. Polymerized Ionic Liquid Diblock Copolymers with Long Alkyl Side-
Chain Length 
 
2.1. Introduction 
 
Recent work in our laboratory
80
 synthesized and investigated the bromide and hydroxide 
conductivity in a PIL diblock copolymer, poly(MMA-b-MEBIm-Br) or poly(methyl 
methacrylate-b-1-[(2-methyacryloyloxy)ethyl]-3-butylimidazolium bromide). In this 
previous work, the PIL block copolymer with 17.3 mol% MEBIm-Br composition or 1.4 
meq/g ion exchange capacity (IEC) showed a high bromide conductivity of 5.67 mS cm
-1
 
at 80 °C and 90% RH. The bromide conductivity of this PIL block copolymer was over 
an order of magnitude higher than its analogous PIL random copolymer (at the same IEC 
and water content) over a temperature range of 30 to 80 °C at high humidity (90% RH). 
This was a product of the strong micro-phase separation (lamellae) in the PIL block 
copolymer, where no microphase separation was evident in the PIL random copolymer. 
Surprisingly, the bromide ion conductivity in this PIL block copolymer was higher than 
its analogous PIL homopolymer, which had a higher IEC (3-fold) and water content (2-
fold) than the block copolymer. It is not clear why the bromide ion conductivity was 
higher in the block copolymer compared to the homopolymer as this has not been 
evidenced before in water-assisted ion transport in block copolymers to the authors’ 
knowledge.
82
 Similar conductivity trends were also observed for hydroxide ion 
conductivity in these PIL polymers as well, where the PIL block copolymer had a 
hydroxide conductivity of 25.46 mS cm
-1
 at 80 °C and 90% RH at a low water content. 
Although this PIL block copolymer is highly conductivity, the high glass transition 
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temperatures (Tgs > 100 °C) of both copolymer blocks causes the polymer membrane to 
be mechanically brittle under dry conditions preventing its further application into 
devices, such as alkaline fuel cells (AFCs). 
 
In this study, a PIL diblock copolymer was synthesized with a similar chemistry to a 
former study, poly(MMA-b-MEBIm-Br), however, the PIL chemistry was modified to 
incorporate a longer alkyl side-chain length (from C = 2 to C = 11), poly(MMA-b-
MUBIm-Br), at various compositions comprising of a PIL component (1-[(2-
methacryloyloxy)undecyl]-3-butylimidazolium bromide) (MUBIm-Br) and a non-ionic 
component (MMA). Poly(MMA-b-MUBIm-Br) was synthesized via post-
functionalization from its non-ionic precursor PIL diblock copolymer, poly(MMA-b-
BrUMA) (BrUMA = 11-bromoundecylmethacrylate), which was synthesized via the 
reverse addition fragmentation chain transfer (RAFT) technique. This should lower the 
glass transition temperature of the PIL domain and therefore produce more flexible films 
under dry conditions at room temperature (conditions where electrodes are adhered to 
polymer separators). An analogous PIL homopolymer, poly(MUBIm-Br), was 
synthesized by conventional free radical polymerization for comparison. The properties 
of this new PIL diblock copolymer and homopolymer were investigated in this study. 
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2.2. Experimental 
 
2.2.1. Materials 
 
4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (chain transfer agent (CTA), >97%, 
HPLC), tetrahydrofuran (THF, ≥99.9%), N, N-dimethylformamide (DMF, 99.9%, 
HPLC), methanol (99.9%, HPLC), acetonitrile (anhydrous, 99.8%), calcium hydride 
(CaH2, 95%), lithium bromide (LiBr, ≥99%), 11-bromo-1-undecanol (98%), 1-
butylimidazole (98%), magnesium sulfate (anhydrous, ReagentPlus
®
, 99%), 
triethylamine (≥99.5%), methacryloyl chloride (97%, stabilized with 200 ppm 
momomethyl ether hydroquinone (MEHQ)), dichloromethane (ACS reagent, ≥99.5%, 
contains 50 ppm amylene stabilizer), dimethyl sulfoxide-d6 (DMSO-d6, 99.9% atom% D, 
contains 0.03% v/v TMS) and chloroform-d (CDCl3, 99.96 atom % D, contains 0.03% 
v/v TMS) were used as received from Sigma-Aldrich. Azobisisobutyronitrile (AIBN, 
98%, Sigma-Aldrich) was purified by recrystallization twice from methanol. Methyl 
methacrylate (MMA, 99%, Sigma-Aldrich) was purified by distillation over CaH2 at a 
reduced pressure. Ultrapure deionized (DI) water with resistivity ca. 16 MΩ cm was used 
as appropriate. 
 
2.2.2. Synthesis of 11-bromoundecyl methacrylate monomer 
 
A typical synthesis method for the bromine terminated monomer, 11-bromoundecyl 
methacrylate (BrUMA), which has been synthesized in a previous publication,
163
 is 
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shown in Figure 2.1 and includes adding 37.4 g (148.89 mmol) of 11-bromo-1-undecanol 
and 80 mL of dichloromethane to a three-neck 500 mL flask in an ice bath. Under 
nitrogen, a mixture of 15.24 g (150.61 mmol) of triethylamine and 40 mL of 
dichloromethane was slowly added to the flask, followed by a slow addition of a mixture 
of 15.75 g (150.67 mmol) of methacryloyl chloride and 30 mL of dichloromethane using 
an addition funnel. The reaction mixture was stirred at room temperature for 18 h and 
then was filtered. The liquid filtrate was washed with 250 mL DI water four times. The 
water layer was removed using a separation funnel and the residual water in the organic 
layer was removed with anhydrous magnesium sulfate. The organic solvent was removed 
by vacuum, which yielded a clear liquid of 11-bromoundecyl methacrylate (BrUMA). 
Yield: 23.33 g (51 %). 
1
H NMR (500 MHz, CDCL3, 23 °C) δ (ppm): 6.02-6.00 (s, 1H, 
HCH=C(CH3)), 5.67-5.64 (s, 1H, HCH=C(CH3)), 4.1-4.05 (t, 2H , O-CH2-), 3.53-3.49 (t, 
2H,-CH2-Br), 1.89-1.86 (s, 3H, CH2=C(CH3)), 1.8-1.75 (m, 2H, O-CH2-CH2-), 1.64-1.56 
(m, 2H, -CH2-CH2-Br ), 1.4-1.22 (m, 14H, O-CH2-CH2-(CH2)7-CH2-CH2-Br ).  
 
 
 
 
a
(1) triethylamine, dichloromethane, room temperature, 18 h.  
 
Figure 2.1. Synthesis of 11-bromoundecyl methacrylate (BrUMA) monomer
a
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2.2.3. Synthesis of PMMA macro-CTA 
 
The preparation of PMMA macro-chain transfer agent (macro-CTA) is shown in Figure 
2.2. 25.88 g of MMA (258.49 mmol), 142.2 mg of CTA (0.509 mmol), 21.4 mg of AIBN 
(0.130 mmol) were mixed with 8.5 mL THF in a 250 mL single-neck Schlenk flask. The 
flask was subjected to three freeze-pump-thaw degassing cycles followed by sealing the 
reactor and carrying out the reaction under static vacuum at 70 °C for 5 h. The resulting 
polymer was twice precipitated in methanol and dried under vacuum in an oven at room 
temperature for 24 h. Yield: 9.07 g of solid particles (35.15%). 
1
H NMR (500 MHz, 
CDCL3, 23 °C) δ (ppm): 7.92-7.32 (m, C6H5) 3.60 (s, 3H, O-CH3), 2.0-1.76 (d, 2H, CH2-
C(CH3)), 1.2-0.8 (d, 3H, CH2-C(CH3)); Mn = 19.8 kg mol
-1
 (NMR). SEC (THF, 40 °C): 
Mn = 19.3 kg mol
-1
, Mw/Mn = 1.17 (against PS standards). 
 
2.2.4. Synthesis of precursor diblock copolymer poly(MMA-b-BrUMA) 
 
The synthesis of the non-ionic precursor block copolymer poly(MMA-b-BrUMA) is 
shown in Figure 2.2. A typical example is given as follows. 1.0 g (0.052 mmol) of 
PMMA macro-CTA in THF (PMMA/THF 1/5 w/w) was added to a 50 mL Schlenk flask. 
Then a mixture of 2.43 g (7.61 mmol) of 11-bromoundecyl methacrylate (BrUMA) in 
THF (BrUMA/THF 1/1 w/w) and 2.09 mg (0.013 mmol) AIBN were added to the flask 
and subjected to three freeze-pump-thaw degassing cycles. After degassing, the reactor 
was sealed and the reaction was carried out under vacuum at 70 °C for 6 h. The resulting 
polymer was twice precipitated in methanol. The block copolymer was filtered and then 
dried under vacuum in an oven at room temperature for 24 h. Yield: 1.78 g  (51.9%). 
1
H 
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NMR (500 MHz, CDCl3, 23 °C) δ (ppm): 4.0-3.9 (s, 2H, O-CH2-CH2-), 3.7 (s, 3H, O-
CH3), 3.56-3.38 (t, 2H, -CH2-CH2-Br), 2.0-1.70 (d, 2H, CH2-C(CH3)), 1.65-1.52 (2H, m, 
O-CH2-CH2-), 1.45-1.30 (2H, s, -CH2-CH2-Br), 1.35-1.2 (m, 14H, O-CH2-CH2-(CH2)7-
CH2-CH2-Br), 1.00-0.77 (3H, m, CH2-C(CH3)); Mn = 34.5 kg mol
-1 
(NMR).  SEC (THF, 
40 °C): Mn = 28.4 kg mol
-1
, Mw/Mn = 1.48 (against PS standards). 
 
2.2.5. Synthesis of PIL diblock copolymer poly(MMA-b-MUBIm-Br) 
 
The synthesis of the ionic PIL block copolymer (poly(MMA-b-MUBIm-Br-23.3)) is 
shown in Figure 2.2, i.e., functionalization of non-ionic precursor block copolymer to 
form ionic PIL block copolymer. A typical example is given as follows. 0.99 g (0.029 
mmol) of poly(MMA-b-BrUMA) in DMF (poly(MMA-b-BrUMA)/DMF = 1/2 w/w) and 
0.933 g (7.51 mmol) of 1-butylimidazole (BrUMA/1-butylimidazole 1/3 mol/mol) were 
added to a 50 mL vial and reacted at 70 °C for 72 h. The resulting polymer was 
precipitated into hexane three times and dried under vacuum in an oven at room 
temperature for 24 h. Yield: 1.77 g of solid particles (91.6%). 
1
H NMR (500 MHz, 
DMSO-d6, 23 °C) δ (ppm) 9.68 (s, 1H, N−CH=N), 8.0-7.7 (d, 2H, N−CH=CH−N), 4.3-
4.2 (d, 4H, N−CH2−CH2−CH2), 4.0-3.9 (t, 2H O-CH2-CH2-), 3.7 (s, 3H, O-CH3), 1.88 (s, 
4H, CH2−C(CH3), N−CH2−CH2−CH2−CH3), 1.52 (m, 2H, O-CH2-CH2-), 1.3-1.1 (m, 
18H, O-CH2-CH2-(CH2)8-, N−CH2−CH2−CH2−CH3), 1-0.85 (s, 6H, 
N−CH2−CH2−CH2−CH3, CH2−C(CH3)), 0.75 (s, 3H, CH2−C(CH3)). Mn = 41.5 kg mol
-1
 
(NMR).  
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a
(1) 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CTA), AIBN, THF, 70 °C, 5 h; 
(2) BrUMA, AIBN, THF, 70 °C, 6 h; (3) 1-butylimidazole, DMF, 70 °C, 72 h.  
 
Figure 2.2. Synthesis of poly(MMA-b-MUBIm-Br) block copolymers
a
 
 
 
 
2.2.6. Synthesis of precursor homopolymer poly(BrUMA) 
 
The synthesis of the non-ionic precursor homopolymer, poly(BrUMA), was performed 
using conventional free-radical polymerization as shown in Figure 2.3. A typical example 
is given as follows. 4.0 g (12.57 mmol) of BrUMA monomer in DMF (BrUMA/DMF 1/2 
w/w) and 10.4 mg (0.064 mmol) AIBN were mixed in a 200 mL round bottom flask and 
reacted under N2 for 3.5 h at 65 °C. The resulting polymer was precipitated into methanol 
twice and dried under vacuum in an oven at room temperature for 24 h. Yield: 0.62 g of 
solid particle (15.5%). 
1
H NMR (500 MHz, CDCl3, 23 °C) δ (ppm):  3.9-3.8 (s, 2H, O-
CH2-CH2-), 3.5-3.3 (m, 2H, -CH2-CH2-Br), 1.85-1.75 (d, 2H, CH2-C(CH3)), 1.60-1.47 
(2H, m, O-CH2-CH2-), 1.40-1.32 (2H, s, -CH2-CH2-Br), 1.32-1.1 (m, 14H, O-CH2-CH2-
(CH2)7-CH2-CH2-Br), 0.95-0.75 (3H, m, CH2-C(CH3)). SEC (THF, 40°C): Mn = 43.23 kg 
mol
-1
, Mw/Mn = 4.28 (against PS standards). 
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2.2.7. Synthesis of PIL homopolymer poly(MUBIm-Br) 
 
The synthesis of the ionic PIL homopolymer, poly(MUBIm-Br), is shown in Figure 2.3, 
i.e., functionalization of non-ionic precursor homopolymer to form ionic PIL 
homopolymer. A typical example is given as follows. 0.5258 g (0.012 mmol) of 
poly(BrUMA) was first dissolved in 1 mL chloroform in a 50  mL vial. 0.614 g (4.94 
mmol) 1-butylimidazole (poly(BrUMA)/1-butylimidazole, 1/3 mol/mol) along with 2 mL 
DMF were then mixed into the vial. The solution was reacted at 70 °C for 72 h. The 
resulting polymer was precipitated into hexane three times and dried under vacuum in an 
oven at room temperature for 24 h. Yield: 0.452 g of solid particles (63.2%). 
1
H NMR 
(500 MHz, DMSO-d6, 23 °C) δ (ppm): 9.75-9.6 (s, 1H, N−CH=N), 8.05-7.75 (d, 2H, 
N−CH=CH−N), 4.3-4.15 (d, 4H, N−CH2−CH2−CH2), 4.0-3.9 (t, 2H O-CH2-CH2-), 1.85-
1.75 (s, 4H, CH2−C(CH3), N−CH2−CH2−CH2−CH3), 1.55-1.45 (m, 2H, O-CH2-CH2-), 
1.3-1.1 (m, 18H, O-CH2-CH2-(CH2)8-,  N−CH2−CH2−CH2−CH3), 0.9 - 0.85 (s, 3H, 
N−CH2−CH2−CH2−CH3), 0.75 (s, 3H, CH2−C(CH3)).  
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a
(1) AIBN, DMF, 65 °C, 3.5 h; (2) 1-butylimidazole, DMF, chloroform, 70 °C, 72 h.  
 
Figure 2.3. Synthesis of poly(MUBIm-Br) homopolymer
a
 
 
 
 
2.2.8. Solvent-casting PIL block copolymer and homopolymer films 
 
PIL block copolymer, poly(MMA-b-MUBIm-Br), films were fabricated by first 
dissolving the polymer in anhydrous acetonitrile (10% w/w) and subsequently casting 
onto Teflon substrates (ca. 35 mm (L) × 4 mm (W) × 0.525 mm (T)) under ambient 
conditions for 24 h. The polymer films were subsequently annealed under vacuum at 150 
°C for 72 h. PIL homopolymer, poly(MUBIm-Br), films were fabricated by dissolving 
the polymer in anhydrous acetonitrile (12.5% w/w)  and casting on glass substrates under 
ambient conditions for 24 h followed by annealing under vacuum at room temperature for 
72 h. These annealed films were used to characterize physical properties. The film 
thicknesses, ranging between 100 to 200 μm, were measured with a Mitutoyo digital 
micrometer with 0.001 mm accuracy.  
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2.2.9. Characterization 
 
All chemical structures, PIL compositions, and number-average molecular weights were 
characterized by 
1
H NMR spectroscopy using a Varian 500 MHz spectrometer at 23 °C 
with either CDCl3 or DMSO-d6 as the solvent. The chemical shifts were referenced to 
tetramethylsilane (TMS). The molecular weights and molecular weight distributions of 
PMMA macro-CTA, non-ionic precursor block copolymers, and non-ionic precursor 
homopolymer were determined by size exclusion chromatography (SEC) using a Waters 
GPC system equipped with a THF Styragel column (Styragel@HR 5E, effective 
separation of molecular weight range: 2 - 4000 kg mol
-1
) and a 2414 reflective index (RI) 
detector. All measurements were performed at 40 °C. THF was used as the mobile phase 
at a flow rate of 1.0 mL/min. PS standards (Shodex, Japan) with molecular weights 
ranging from 2.97 to 591 kg mol
-1 
were used for calibration. Glass transition temperatures 
(Tgs) were determined by differential scanning calorimetry (DSC; TA Instruments, Q200) 
over a temperature range of -100 to 150 °C at a heating/cooling rate of 10 °C/min under a 
N2 environment using a heat/cool/heat method. Tg was determined using the midpoint 
method from the second thermogram heating cycle. 
 
The ionic (bromide) conductivities of the polymer films were measured with 
electrochemical impedance spectroscopy (EIS, Solartron, 1260 impedance analyzer, 1287 
electrochemical interface, Zplot software) over a frequency range of 1 Hz to 10
7
 Hz at 
300 mV. Conductivities were collected under humidified conditions, where temperature 
and relative humidity where controlled by an environmental chamber (Tenney, BTRS 
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model). The in-plane conductivities of the PIL films were measured in a cell with four-
parallel electrodes, where an alternating current was applied to the outer electrodes and 
the real impedance or resistance, R, was measured between the two inner reference 
electrodes. The resistance was determined from a high x-intercept of the semi-circle 
regression of the Nyquist plot. Conductivity was calculated by using the following 
equation:  = L/AR, where L and A are the distance between two inner electrodes and the 
cross section area of the polymer film (A = Wl; W is the film width and l is the film 
thickness), respectively. Samples were allowed to equilibrate for 1 h at each temperature 
and humidity followed by six measurements, one every ten minutes, at the equilibrium 
condition. The values reported are an average of these steady-state measurements. An 
average error of < 5% was observed between these multiple steady-state values and 
duplicate experiments. For conductivity measurements in liquid water, polymer films 
were immersed in DI water for 1 h and then placed in the four-electrode cell. Liquid 
water was added to the cell and on top of the film to maintain full hydration throughout 
the experiment. Six steady state scans were performed and the average of these was 
reported.  
 
Water uptake or content was measure with dynamic vapor sorption (DVS, TA 
Instruments Q5000). A dry sample was first loaded into the DVS and preconditioned at 
0% RH and 30 °C for 2 h to remove any residual water in the sample. Only a small 
weight loss (< 0.5%) was observed during this 2 h period and the loss in mass did not 
change well before the end of this 2 h time period. The relative humidity was then 
systematically changed to a constant value at a fixed temperature or the temperature was 
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systematically changed to a constant value at a fixed humidity and the film was allowed 
to equilibrate for 2 h at each condition. There was no change in mass prior to the end of 
this 2 h equilibration period indicating that equilibrium water sorption was reached. The 
polymer water content [wt%; g H2O/ g dry polymer  100] was calculated as follows: 
 
                                                                                                   (2.1) 
 
where W0 and W are the dry and wet polymer weights measured before and after the DVS 
experiment, respectively. 
 
Mechanical properties (stress-strain behavior) of the polymer films were measured using 
a Kato KES G1 mechanical tensile tester. Stress-strain curves were acquired using the 
KES G1 with the C load cell in place and the sensitivity set to 0.2 kg/V with the 10x 
multiplier set for sensitivity and the crosshead speed set to 0.084 cm/s. The Kato KES G1 
outputs data in voltage. Conversion from voltage to engineering stress was achieved via 
the following equations:  
 
                                                                                                       (2.2) 
                                                                                                                            (2.3) 
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Where F is the force [N], S is sensitivity [0.2 kg/V], V is the output voltage, is 
acceleration due to gravity [9.8 m s
-2], σ is the engineering stress [MPa], and A is the 
cross sectional area of the film tested [m
2
]. Sample strain was calculated using: 
 
                                                                                                             (2.4) 
 
where ε is the engineering strain, lf is the final length, and lo is the original length. The 
Young’s (elastic) modulus was found using only the elastic regime of the output data and 
is calculated using as follows:  
 
                                                                                                                            (2.5) 
 
where E is the Young’s modulus [MPa] and σ and ε are the stress and strain in the elastic 
regime, respectively. The sample sizes for this experiment were 3.0 mm × 15 mm × 0.1 
mm and the samples were prepared using the same procedure as that for samples used in 
the conductivity experiments. A small amount of epoxy (Loctite 0.85-ounce plastic 
syringe epoxy quick set) was applied to the film ends to improve gripping of the sample 
in the C load cell. A minimum of three samples were tested to ensure repeatability and 
the average and standard deviation of these repeated experiments were reported.   
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2.3. Results and Discussion 
 
2.3.1. Synthesis and chemical characterization 
 
We synthesized a series of polymerized ionic liquid (PIL) diblock copolymers 
(poly(MMA-b-MUBIm-Br) with long alkyl side-chain length (C = 11) at various 
MUBIm-Br (or PIL) compositions and its analogous PIL hompolymer (poly(MUBIm-
Br). Non-ionic precursor PIL block copolymers and PIL homopolymer were first 
synthesized via reversible addition-fragmentation chain transfer (RAFT) and 
conventional free-radical polymerization, respectively. The non-ionic precursor block 
copolymers and homopolymer were subsequently post-functionalized to form ionic PIL 
block copolymers and PIL homopolymer. 
 
The synthesis of the precursor IL monomer, (11-BrUMA), is shown in Figure 2.1. The 
chemical structure was confirmed by 
1
H NMR and is shown in Figure 2.4. The precursor 
IL monomer was polymerized by conventional free radical polymerization to form the 
precursor PIL homopolymer, poly(BrUMA), as shown in Figure 2.3. 
1
H NMR was used 
to confirm that no unreacted monomer remained in the polymer from the disappearance 
of the double bond peaks at 6.01 and 5.68 ppm that were evidenced in the monomer. The 
reaction conditions and molecular weight of poly(BrUMA) are listed in Table 2.1. The 
non-ionic precursor PIL hompolymer was then subjected to a post-functionalization 
reaction to covalently attach the imidazolium cation onto the bromine terminated alkyl 
chain to form a PIL homopolymer with a bromide anion (Br¯), poly(MUBIm-Br), as 
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shown in Figure 2.3.  Complete functionalization of the PIL homopolymer was confirmed 
and calculated by 
1
H NMR as shown in Figure 2.4 by relative integrations of resonance 
“f” vs. resonance “h” (i.e., f/1/(f/1+h/4)).  
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Figure 2.4. 
1
H NMR spectra of BrUMA (I), precursor homopolymer (poly(BrUMA)) 
(II), PIL homopolymer (poly(MUBIm-Br)) (III), PMMA Macro-CTA (IV), precursor 
block copolymer (poly(MMA-b-BrUMA-23.3)) (V), and PIL block copolymer 
(poly(MMA-b-MUBIm-Br-23.3)) (VI). Precursor polymers and BrUMA monomer in 
CDCl3 and PIL polymers in DMSO-d6. 23.3 corresponds to the mol% of BrUMA and 
MUBIm-Br.  
       (I)        (II)           (III)                          (IV)                         (V)                        (VI)  
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The synthesis of PIL block copolymers first consisted of polymerizing precursor block 
copolymers (poly(MMA-b-BrUMA)) at various BrUMA compositions via 
living/controlled polymerization (RAFT) (Figure 2.2). The BrUMA composition was 
characterized by 
1
H NMR as shown in Figure 2.4. The non-ionic precursor block 
copolymers were then converted to charged PIL block copolymers (poly(MMA-b-
MUBIm-Br) via post-functionalization reaction (Figure 2.2). 
1
H NMR was used to 
determine complete functionalization of the  block copolymers as shown in Figure 2.4. 
Block copolymer compositions were calculated from relative integrations of resonance 
“l” vs. resonance “i” (i.e., l/1/(l/1+i/3)).  
 
Typical SEC results for the precursor PIL homopolymer, PMMA macro-CTA, and 
precursor PIL block copolymer (at 23.3 mol% BrUMA) are shown in Figure 2.5. 
Molecular weights and polydispersity determined from SEC for precursor PIL block 
copolymers at all BrUMA compositions are listed in Table 2.1. Figure 2.5 clearly 
indicates an increase of molecular weight from the PMMA macro-CTA (Mn = 19.3 kg 
mol
-1
) to the precursor PIL block copolymer (poly(MMA-b-BrUMA-23.3), 23.3 mol% 
BrUMA, Mn = 28.43 kg mol
-1
). The Mn of PMMA macro-CTA measured by SEC is in 
good agreement with the result calculated from 
1
H NMR (Mn = 19.8 kg mol
−1
, Figure 
2.4). The molecular weight of the precursor PIL homopolymer was higher than the PIL 
block copolymers (Mn = 43.27 kg mol
-1
) and the polydispersity was higher (Mn/Mw = 
4.28) due to the use of conventional free radical polymerization. A series of precursor 
PIL block copolymers were synthesized with BrUMA compositions ranging from 5.4 to 
37.9 mol%. The compositions and reaction conditions are listed in Table 2.1.  
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Figure 2.5. SEC chromatograms of PMMA macro-CTA, precursor block copolymer 
(poly(MMA-b-BrUMA-23.3)), and precursor homopolymer  (poly(BrUMA)). 
 
 
 
Table 2.1. Reaction conditions, molecular weight of non-ionic precursor block 
copolymers and homopolymer 
a
b = block copolymer, numbers correspond to BrUMA mol%, which was determined 
from 
1
H NMR spectroscopy; 
b
A:B:C = BrUMA:PMMA-CTA:AIBN (in mol); 
c
Calculated from 
1
H NMR spectroscopy; 
d
Determined by SEC.   
 
 
 
 
 
7.5 8 8.5 9 9.5 10 10.5
Elution volume (mL)
R
I 
in
te
n
s
it
y
PMMA Macro-CTA
poly(MMA-b-BrUMA-23.3) 
poly(BrUMA) 
Precursor block copolymers 
and homopolymer 
a
 
mol 
% 
recipe
b
 Mn (kg mol
-1
)
c
 Mn (kg mol
-1
)
d
 PDI
d
 
poly(MMA-b-BrUMA-5.4) 5.4 10:1:0.1 19.8 + 3.4 22.52 1.19 
poly(MMA-b-BrUMA-12.3) 12.3 35:1:0.1 19.8 + 7.76 26.45 1.26 
poly(MMA-b-BrUMA-17.3) 17.3 50:1:0.1 19.8 + 10.9 27.51 1.33 
poly(MMA-b-BrUMA-20.3) 20.3 60:1:0.1 19.8 + 12.8 30.42 1.38 
poly(MMA-b-BrUMA-23.3) 23.3 100:1:0.1 19.8 + 14.7 28.43 1.48 
poly(MMA-b-BrUMA-37.9) 37.9 150:1:0.1 19.8 + 23.9 31.26 1.46 
poly(BrUMA) 100 20:0:0.1         - 43.27 4.28 
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2.3.2. Thermal properties  
 
Figure 2.6 shows glass transition temperatures (Tgs) of the non-ionic precursor PIL block 
copolymers and the ionic PIL block copolymers as a function of BrUMA and MUBIm-Br 
compositions, respectively. Both sets were compared to a PMMA homopolymer control 
(0 mol% BrUMA or MUBIm-Br) and to their respective precursor PIL or PIL 
homopolymer controls (100 mol% BrUMA and MUBIm-Br, respectively). Note that the 
PMMA homopolymer control was synthesized by RAFT polymerization (i.e., PMMA 
macro-CTA), while the precursor PIL and PIL homopolymers were synthesized by free 
radical polymerization. Two distinct Tgs that do not change with composition are 
expected for strongly micro-phase-separated block copolymers. Figure 2.6a shows that 
the Tgs for both the PMMA and precursor PIL homopolymers (poly(BrUMA)) are 124 °C 
and -48 °C, respectively. The precursor PIL block copolymers show two distinct constant 
Tgs that are similar to the homopolymer Tgs over the BrUMA composition range of 12.3 
to 37.9 mol%. Only one glass transition was observed for the block copolymer at 5.4 
mol% BrUMA composition, which may be due to the relatively low BrUMA 
composition. 
 
Figure 2.6b shows that the Tgs for both the PMMA and PIL homopolymers 
(poly(MUBIm-Br)) are  124 °C and -14 °C, respectively. Notice that the post-
functionalization of the precursor PIL homopolymer to form the PIL hompolymer 
(attachment of the imidazolium cation) raises the Tg from -48 °C to  -14 °C.  Similar to 
the non-ionic precursor PIL block copolymers in Figure 2.6a, the ionic PIL block 
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copolymers in Figure 2.6b show two distinct Tgs over the MUBIm-Br composition range 
of 12.3 to 37.9 mol%. However, although the MMA segment in the PIL block 
copolymers have a similar Tg compared to the PMMA homopolymer, the Tg of the PIL 
segment in the PIL block copolymers are consistently higher compared to the PIL 
homopolymer by approximately 40 °C. This was unexpected, but may be the result of 
differences in chain dynamics regarding ionic interactions within the micro-domain 
compared to the homopolymer, which results in an even further elevation of the Tg.  
 
 
 
 
Figure 2.6. DSC thermograms of (a) non-ionic precursor PIL block copolymers and (b) 
ionic PIL block copolymers at various BrUMA and MUBIm-Br compositions, 
respectively. Homopolymers are also displayed (0 and 100 mol% BrUMA and MUBIm-
Br, respectively). Data offset for clarity.  
 
 
 
The comparison between Figures 2.6a and 2.6b show that functionalization of the 
homopolymer to covalently attach the imidazolium cation results in an elevation of Tg 
from -45 °C to -14 °C. This Tg elevation is the result of introducing ionic groups, where is 
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it is known that electrostatic interactions among covalently attached ionic moieties results 
in increasing the Tg in ionomers.
164
 Interestingly, the PIL segment of the PIL block 
copolymer elevates the Tg even further from -14 °C to ≈24 °C when comparing to the PIL 
homopolymer. A shift in Tg from the homopolymer to the block copolymer sometimes 
indicates a weak micro-phase separation, however, this is usually indicated by both Tgs 
deviating from their respective homopolymer Tgs and also these two Tgs changing with 
composition. In Figure 2.6b, only the PIL segment Tg in the PIL block copolymer 
deviates from the PIL homopolymer Tg and it remains constant over the entire 
composition range investigated. This deviation suggests another mechanism. We 
hypothesize that the polymer chain dynamics associated with electrostatic interactions 
within the PIL micro-domains differ compare to the homopolymer. Previous work in our 
laboratory reported on a PIL block copolymer with similar chemistry, poly(MMA-b-
MEBIm-Br), where the primary difference to the block copolymer in this study was the 
alkyl side-chain length between the backbone and the imidazolium cation (C = 2 in 
previous work compared to C = 11 in this work).
80
 The Tg of the PIL segment of 
poly(MMA-b-MEBIm-Br) in this previous work was reported as 103 °C compared to 24 
°C for poly(MMA-b-MUBIm-Br) reported in this work. Clearly, increasing the alkyl 
side-chain length results in an approximate 75-80 °C depression in the PIL segment Tg. 
This depression in the PIL segment Tg in the PIL block copolymer may have benefits to 
conductivity and mechanical properties. 
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Table 2.2. PIL block copolymers and homopolymer. 
Sample Name
a
  mol% wt% IEC
b
 Tg (°C)
c
 
Poly(MMA-b-MUBIm-Br-5.4) 5.4 20.2 0.47 131 
Poly(MMA-b-MUBIm-Br-12.3) 12.3 38.3 0.93 23, 124 
Poly(MMA-b-MUBIm-Br-17.3) 17.3 48.1 1.19 24, 125 
Poly(MMA-b-MUBIm-Br-20.3) 20.3 53.0 1.32 26, 127 
Poly(MMA-b-MUBIm-Br-23.3) 23.3 57.3 1.44 27, 125 
Poly(MMA-b-MUBIm-Br-37.9) 37.9 73.0 1.90 23, 124 
Poly(MUBIm-Br)
d
 100 100 2.75 -14 
a
Numbers correspond to PIL mol%, which was determined from 
1
H NMR spectroscopy. 
b
Calculated as mmeq Im
+
 per g of polymer, see Supporting Information.
 c
Determined by 
midpoint method. 
d
PIL homopolymer.  
 
 
 
2.3.3. Mechanical properties 
 
The PIL block copolymers were solution cast into free-standing films for mechanical 
property analysis, where Figure 2.7 shows both flexible and transparent films can be 
produced at ambient conditions. Note that the Tg of the PIL segment is ≈24 °C, where a 
further reduction in that Tg should be expected upon water sorption. An estimated 50 °C 
Tg reduction was calculated upon water sorption using the Flory-Fox equation. 
 
 
 
 
Figure 2.7. (a) Flexibility and (b) transparency of a 150 nm film of poly(MMA-b-
MUBIm-Br-23.3). 
 
 
 
(a) 
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The mechanical properties of the PIL block copolymer poly(MMA-b-MUBIm-Br-23.3) 
were tested at ambient conditions (≈50 % RH and ≈23 °C) and compared to Nafion 212 
(the most frequently cited polymer membrane in fuel cells) and are listed in Table 2.3. 
Poly(MMA-b-MUBIm-Br-23.3) was chosen for the mechanical property measurements 
due to having the highest conductivity at 80 °C and 90% RH as discussed in the next 
section and will be the PIL composition of choice for future research for electrochemical 
applications. The PIL block copolymer results in a maximum tensile strength of 12.1 
MPa, Young’s modulus of 0.74 GPa, and elongation at break of 3.4%. Compared to 
Nafion 212, the PIL block copolymer has similar tensile strength and a three-fold higher 
Young’s modulus and a significantly lower elongation at break. The mechanical 
properties measured here for Nafion 212 agree well with previous literature results.
165
  
 
The low elongation at break is due to the relatively high composition (76.7 mol%) of 
glassy PMMA in the PIL block copolymer. However, the high composition of PMMA 
allows for a high modulus for the PIL block copolymer, which is required for 
electrochemical applications, such as alkaline fuel cells. Pure PMMA has an elongation 
of break of <10% and a Young’s modulus of ≈3 GPa.166 This result is one of the 
advantages of using block copolymers, where one block provides high mechanical 
strength (MMA), while the other provides accelerated transport properties (MUBIm-Br). 
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Table 2.3. Mechanical properties of PIL block copolymer poly(MMA-b-MUBIm-Br-
23.3). 
 
 
 
2.3.4. Conductivity 
 
Figure 2.8a shows bromide ion conductivity at 90% RH as a function temperature for all 
PIL block copolymers and PIL homopolymer. The bromide conductivity in all polymers 
follows an Arrhenius behavior with temperature at high humidity with activation energies 
decreasing with increasing IEC (i.e., MUBIm-Br composition): 96.6, 54.7, 81.1, 86.2, 
39.4 kJ mol
-1
. The PIL homopolymer exhibits the lowest activation energy of 18.2 kJ 
mol
-1
. At 50 °C and 90% RH, the PIL homopolymer has the highest conductivity of 12.51 
mS cm
-1
 of all polymers and the PIL block copolymer with the highest IEC (1.90 meq/g; 
37.9 mol% MUBIm-Br) has the highest conductivity among the PIL block copolymers of 
8.67 mS cm
-1
. Interestingly, at 80 °C and 90% RH, all of the PIL block copolymers (with 
the exception of lowest composition of 5.4 mol% MUBIm-Br) have higher conductivities 
compared to the homopolymer. Similar results (higher conductivity in block copolymer 
compared to its analogous homopolymer) were recently observed for a PIL block 
copolymer with similar chemistry, but shorter alkyl side-chain length.
80
 We hypothesize 
that water-assisted ion mobility is accelerated in these PIL block copolymers compared to 
PIL homopolymers due to nanochannel phase-separated domains. It is not clear why 
these results are temperature dependent in this study, where this was not observed in our 
Sample Tensile 
strength (MPa) 
Young’s 
modulus (GPa) 
Elongation at 
break  (%)
 
poly(MMA-b-MUBIm-Br-23.3) 12.1 ± 2.6 0.74 ± 0.06 3.4 ± 1.1 
Nafion 212 19.3 ± 2.1 0.22 ± 0.05 189. 0 ± 7.1 
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previous study.
80
 The highest conductivity at 80 °C and 90% RH is 64.85 mS cm
-1
 for the 
PIL block copolymer at 1.44 meq/g IEC (23.3 mol% MUBIm-Br), while the PIL 
homopolymer has a conductivity of 21.37
 
mS cm
-1
 at these similar conditions. 
Interestingly, the bromide conductivity at these conditions for this PIL block copolymer 
poly(MMA-b-MUBIm-Br) (64.85 mS cm
-1
) is an order of magnitude higher than the PIL 
block copolymer poly(MMA-b-MEBIm-Br)  (5.67 mS cm
-1
) from our previous study 
with similar chemistry, similar IEC, higher water content, but shorter alkyl side-chain 
length.
80
 These results further suggest that water-assisted ion transport is highly 
morphology dependent. 
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Figure 2.8. (a) Bromide ion conductivity and (b) water content as a function of 
temperature at 90% RH and bromide ion conductivity as a function of IEC at (c) 90% RH 
at 50 and 80 °C and (d) saturated in liquid water at 23 °C for the PIL block copolymers 
poly(MMA-b-MUBIm-Br) at various compositions and the PIL homopolymer 
poly(MUBIm-Br). Numbers in inset legends correspond to MUBIm-Br composition 
(mol%) and IEC (meq/g) of each polymer. Lines on graphs correspond to trend lines to 
help guide the eye. 
 
 
 
The impact of water on bromide ion transport is of interest, since a primary transport 
mechanism in ion-containing polymers is a water-assisted process.
154
 Figure 2.8b shows 
the water content in the polymers at high humidity as a function of temperature measured 
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by dynamic vapor sorption. The polymer equilibrium water contents are constant over 
this temperature range, but increase with increasing IEC from approximately 4 to 21 
wt%, where the highest PIL block copolymer composition is ≈14 wt% and the PIL 
homopolymer is ≈21 wt%. There does not appear to be a clear trend between bromide 
conductivity of different polymers and absolute water content, specifically since the 
trends between conductivity and IEC appear to be temperature dependent, while water 
content appears to be temperature independent. In other words, it is not clear why ion 
conductivity relatively increases with increasing IEC and water content at 50 °C and 90% 
RH, but appears to decrease with increasing at 80 °C and 90% RH (Figure 2.8c) with the 
exception of the PIL block copolymer at 5.4 mol% BrUMA composition (0.47 meq/g). 
This phenomenon is unusual for water-assisted ion transport (e.g., protons, hydroxide, 
chloride) in ion-containing polymers and therefore suggests other mechanisms impact 
transport phenomena in PIL block copolymers. Figure 2.8d also shows that bromide ion 
conductivity increases with increasing IEC at a low temperature (≈23 °C) when saturated 
in liquid water similar to the results observed at 50 °C and 90% RH. 
 
Although previous work has shown proton transfer in imidazolium-containing polymers, 
we do not expect proton transfer in this imidazolium-bromide chemistry.
167, 168
 Previous 
work in our laboratory on the investigation of water in imidazolium-bromide containing 
polymers using in situ FTIR-ATR spectroscopy shows no evidence of protonated water
80
. 
This suggests that the conductivity measured in this single-ion conductor polymer system 
is solely due to bromide ions. 
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2.4. Conclusions  
 
A series of bromide conducting PIL diblock copolymers, poly(MMA-b-MUBIm-Br), 
with long alkyl side-chain length, were successfully synthesized via post-
functionalization of the non-ionic precursor block copolymer, poly(MMA-b-BrUMA), 
which was synthesized via reversible addition-fragmentation chain transfer. The PIL 
block copolymer at 1.44 meq/g (23.3 mol% MUBIm-Br) resulted in flexible, transparent 
films with high mechanical strength (0.74 GPa modulus) and high bromide ion 
conductivity (64.85 mS cm
-1
 at 80 °C and 90% RH). At 80 °C and 90% RH, the 
conductivity of the PIL block copolymer (1.44 meq/g) was three times higher than its 
analogous PIL homopolymer (2.75 meq/g; 100 mol% MUBIm-Br) and an order of 
magnitude higher than a similar PIL block copolymer with shorter alkyl side-chain 
length. At 50 °C and 90% RH, conductivity increases with increasing PIL composition 
(IEC), but at 80 °C and 90% RH, conductivity decreases with increasing IEC. This 
unusual result warrants further study into the conductivity-morphology relationships in 
PIL block copolymers, specifically as a function of humidity and temperature, since these 
are conditions of interest for applications, such as alkaline fuel cells. 
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Chapter 3. Polymerized Ionic Liquid Diblock Copolymers: Impact of Water/Ion 
Clustering on Ion Conductivity 
 
3.1 Introduction 
 
The anion transport-morphology relationships in AEMs are not nearly as well explored as 
cation transport-morphology relationships in sulfonated proton exchange membranes 
(PEMs), where the latter investigations have had a significant impact on the design of 
PEMs for enhanced hydrogen fuel cell performance.
169
 Nafion, the most frequently 
investigated PEM, possesses phase separated morphology with ion-rich and ion-poor 
domains.
83, 84
 The ion-rich domains are commonly referred to as ion clusters and when 
hydrated, these domains are connected and continuous throughout the membrane to allow 
for facile proton transport. In addition to Nafion, similar self-assembled connected 
continuous ion cluster morphologies have been observed in various PEMs, which have 
been achieved with various polymer chain architectures (e.g., graft copolymers, block 
copolymers).
82, 85-87, 170
 This knowledge of improvement of conductivity in PEMs due to 
ion clusters has recently been applied to AEMs where the synthesis of various AEMs 
with ion clustering has recently been observed in literature, including comb,
73
 graft,
91
 and 
aromatic
92
 polymers. To date, limited studies have examined the effect of the alkyl 
spacing between the polymer backbone and the cation within the confinement of a block 
copolymer on ion clustering and ionic conductivity under dry, humidified, and hydrated 
states.  
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In this study, to understand the role of block copolymer morphology and specifically 
ion/water clustering within the block copolymer morphology, a systematic study between 
two different imidazolium-based PIL diblock copolymers with similar chemistries was 
performed. The primary difference between these two block copolymers is the side alkyl 
spacer chain length between the backbone and the covalently attached imidazolium group 
(see Figure 3.1), where this spacer length can impact the formation of water/ion 
clusters.
80, 171
 These two polymers were compared at similar ion exchange capacities 
(IECs) of 1.4 meq/g and at similar PIL (ion conducting) contents (≈40 vol%). The 
morphology was carefully characterized under dry, highly humidified, and fully saturated 
(in liquid water) conditions using small-angle neutron scattering (SANS), small- and 
intermediate-angle X-ray scattering (SAXS, IAXS), and transmission electron 
microscopy (TEM). The impact of these morphological differences on bromide ion 
conductivity was explored.  
 
3.2. Experimental 
 
3.2.1. Materials  
 
Acetonitrile (anhydrous, 99.8%) was used as received from Sigma-Aldrich. Ultrapure 
deionized (DI) water with resistivity ≈16 MΩ cm was used as appropriate. The bromide 
conducting PIL diblock copolymers, poly(MMA-b-MEBIm-Br) and poly(MMA-b-
MUBIm-Br), were previously synthesized and a detailed protocol of their synthesis is 
described elsewhere.
146, 154, 171
 Figure 3.1 shows the chemical structure of these two 
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bromide-conducting PIL diblock copolymers investigated in this study, where both 
diblock copolymers consist of the same nonionic first component (methyl methacrylate, 
MMA) and a second IL-containing component or polymerized ionic liquid (PIL), where 
the only difference is the length of the alkyl side chain in the PIL, where the short (S) 
alkyl side chain corresponds to 1-[(2-methacyloyloxy)ethyl]-3-butylimidazolium bromide 
(MEBIm-Br) and the long (L) alkyl side chain corresponds to 1-[(2-
methacyloyloxy)undecyl]-3-butylimidazolium bromide (MUBIm-Br). In Figure 3.1, x = 
2 corresponds to two carbons (ethyl) on the short (S) alkyl side chain and x = 11 
corresponds to eleven carbons (undecyl) on the long (L) alkyl side chain. These two 
bromide-conducting PIL diblock copolymers can also be referred to as poly(MMA-b-
MEBIm-Br) and poly(MMA-b-MUBIm-Br). A simplified naming system is proposed 
and used throughout this work as shown in Table 3.1. For example, for L-1.4-59.3, L 
refers to the long alkyl side chain in the PIL, 1.4 refers to the ion exchange capacity 
(IEC) of the polymer in meq/g, and 59.3 refers to the PIL composition in vol%. In this 
work, two long alkyl side chain block copolymers were synthesized for comparison with 
the short alkyl side chain length block copolymer. L-0.9-40.2 was synthesized for 
comparison with S-1.4-39.1 at the same PIL composition (≈40 vol%). Notice that the IEC 
in L-0.9-40.2 is lower due to the higher molecular weight of the PIL. L-1.4-59.3 was 
synthesized for comparison with S-1.4-39.1 at the same IEC. Notice the PIL composition 
(vol%) in L-1.4-59.3 is higher due to the higher molecular weight of the PIL. These 
comparisons are highlighted in bold text in Table 3.1. The physical properties of these 
PIL block copolymers are also listed in Table 3.1. The molecular weights of the samples 
were in a similar range of 20 kg mol
-1
 to 30 kg mol
-1
 and all PDIs were below 1.5. S-1.4-
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39.1 had two Tgs at 103 °C and 124 °C, corresponding to the PIL and PMMA domains, 
respectively, and both Tgs are similar to their respective homopolymer Tgs. L-0.9-40.2 
and L-1.4-59.3 also possess two Tgs, where the same PMMA domain Tg was observed, 
while the Tg corresponding to the PIL domain is approximately 70 °C lower than S-1.4-
39.1. The lower Tg of the PIL domain in the long alkyl chain samples is due to the 
increased alkyl chain length and is similar to its respective homopolymer Tg. The distinct 
two Tgs evidenced in the DSC data suggests that microphase separation occurs in all three 
samples. 
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Figure 3.1. Chemical structure of polymerized ionic liquid block copolymers. x = 2 
corresponds to short (S) ethyl alkyl side chain length, poly(MMA-b-MEBIm-Br), and x = 
11 corresponds to long (L) undecyl alkyl side chain length, poly(MMA-b-MUBIm-Br).  
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3.2.2. PIL block copolymer fabrication 
 
PIL block copolymer films were fabricated by first dissolving the polymer in anhydrous 
acetonitrile (10% by mass) and subsequently casting onto Teflon substrates (≈35 mm (L) 
× 4 mm (W) × 0.525 mm (T)) under ambient conditions for 24 h. The polymer films were 
then annealed under vacuum at 150 °C for 72 h. These annealed films were used to 
characterize physical properties. The film thicknesses, ranging between 100 μm to 200 
μm, were measured with a Mitutoyo digital micrometer with  ±0.001 mm accuracy. 
 
3.2.3. Characterization 
 
Vapor water uptake or content was measured with dynamic vapor sorption (DVS, TA 
Instruments Q5000). A dry sample of ≈1 mg was first loaded into the DVS and 
preconditioned at 0% RH and 30 °C for 2 h to remove any residual water in the sample. 
Only a small mass loss (< 0.5%) was observed during this 2 h period and the loss in mass 
did not change well before the end of this 2 h time period. The relative humidity was then 
systematically changed to a constant value at a fixed temperature or the temperature was 
systematically changed to a constant value at a fixed humidity and the film was allowed 
to equilibrate for 2 h at each condition. There was no change in mass prior to the end of 
this 2 h equilibration period, indicating that equilibrium water sorption was reached. The 
polymer water content [% by mass; g H2O/ g dry polymer × 100] was calculated as 
follows: 
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                                                                                                    (3.1) 
 
where W0 and W are the dry and wet polymer masses (or weights) measured before and 
after the DVS experiment, respectively. The hydration number (λ), defined as the moles 
of water per mole of imidazolium cations in the hydrated polymer [mol H2O/mol Im
+
], 
was calculated using the following equation:  
 
                                                                                                 (3.2) 
 
                                                                                        (3.3) 
 
MWCP is the molecular weight of the repeat unit of the copolymer and MWH2O and MWPIL 
are of the molecular weights of water (18.02 g mol
-1
) and PIL monomeric unit including 
counter anion (MWPIL,MUBIm-Br = 443 g mol
-1
 and MWPIL, MEBIm-Br = 317.23 g mol
-1
) and  
is the mole fraction of PIL unit in the block copolymer. 
 
Saturated water uptake (i.e., water uptake after soaking in liquid water) was measured by 
drying polymer samples for 24 h under vacuum at 25 °C and then recording the dry mass 
(Mettler AB54-S Analytical balance, accuracy ±0.1 mg). Samples were soaked in a vial 
filled with DI water, where the temperature of the vial was controlled using a hot oil bath 
(Fisher Scientific Isotemp). Samples were removed after 2 h, the excess water on surface 
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of film was gently removed with a lint-free cloth, and the mass was re-measured. At least 
three measurements were performed at each temperature. The error among repeated 
experiments was on average < 10%. Saturated water uptake and hydration values were 
calculated as described above in Equations 3.1 and 3.2.  
 
The ionic (bromide) conductivities of the polymer films were measured with impedance 
spectroscopy (Solartron, 1260 impedance analyzer, 1287 electrochemical interface, Zplot 
software) over a frequency range of 1 Hz to 10
7
 Hz at 300 mV. The in-plane 
conductivities of the PIL films were measured in a custom-made cell with four-parallel 
electrodes, where an alternating current was applied to the outer electrodes and the real 
impedance or resistance, R, was measured between the two inner reference electrodes. 
The resistance was determined from a high x-intercept of the semi-circle regression of the 
Nyquist plot. Conductivity was calculated by using the following equation: σ = L/AR, 
where L and A are the distance between two inner electrodes and the cross section area of 
the polymer film (A = Wl; W is the film width and l is the film thickness), respectively. 
Samples were allowed to equilibrate for 1 h at each condition followed by six 
measurements (one every ten minutes at each condition). The values reported are an 
average of these steady-state measurements. An average error of < 5% was observed 
between these multiple steady-state values and duplicate experiments. The temperature 
and relative humidity for film conductivities measured under water vapor conditions were 
controlled by placing the cell in an environmental chamber (Tenney, BTRS model). The 
temperature for film conductivities measured saturated in liquid water was controlled by 
placing the cell in a vessel heated by heating tape using a variable autotransformer 
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(Power State), where the film in the cell was saturated in liquid water. The temperature of 
this vessel was monitored using a thermocouple (Omega 650 Type J).  
 
Small angle X-ray scattering (SAXS) of samples under dry conditions was performed at 
Drexel University on a Rigaku S-MAX3000 pinhole SAXS camera with a three-meter 
detector. Cu-Kα X-rays were produced from a MicroMax-002+ Microfocus sealed tube 
X-ray source. The scattering data were collected using a Gabriel-type two-dimensional 
multiwire X-ray area detector. The isotropic 2-D scattering patterns were azimuthally 
integrated to yield 1-D intensity versus scattering angle (q) profiles. The intensities are 
reported in arbitrary units (a.u.). Data collection for each sample was conducted over 3 h 
in a through-plane orientation. Data analysis was performed using a Matlab-based 
Graphical User Interface (GUI). Morphologies were classified by taking the ratio of the 
positions of higher order X-ray scattering correlation peaks to the primary peak position, 
q*, and comparing to known peak position ratios. 
 
SAXS on samples under humidity- and temperature-dependent conditions was performed 
on a multi-angle X-ray scattering system at the University of Pennsylvania using a 
custom designed environmental chamber.
172
 This system generates Cu-Kα X-rays, λ = 
0.154 nm, from a Nonius FR 591 rotating anode operated at 40 kV and 85 mA. The 
bright, highly collimated beam was obtained via Osmic Max-Flux optics and pinhole 
collimation in an integral vacuum system. The scattering data were collected using a 
Bruker Hi-Star two-dimensional detector with a sample-to-detector distance of 150 cm. 
Room-temperature data was collected for 1 h for each block copolymer film along the 
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through-plane and in-plane directions of the films. Data was analyzed using Datasqueeze 
software.
173
 The intensities were first corrected for primary beam intensity, and then 
background scattering was subtracted. The isotropic 2-D scattering patterns were then 
azimuthally integrated to yield 1-D intensity versus scattering angle (q) profiles. The 
intensities are reported in arbitrary units (a.u.). Morphologies were classified by taking 
the ratio of the positions of higher order X-ray scattering correlation peaks to the primary 
peak position, q*, and comparing to known peak position ratios.
174
 Relative humidity 
(RH) was varied by regulating the flow of compressed air mixed with water vapor into 
the chamber and the sample temperature was controlled by flowing heated or cooled 
water through the chamber walls, as well as varying the temperature of the water vapor. 
The error between the set values and measured values for relative humidity and 
temperature was minimized through a proportional-integral-derivative (PID) feedback 
loop. The environmental chamber accesses a temperature range of 25 °C to 90 °C with a 
precision of 0.05 °C to 0.5 °C and a humidity range of 0% RH to 95% RH with a 
precision of 1.5% RH at 30 °C and 3% RH at 80 °C. For in situ measurements, samples 
were equilibrated for at least 2 h at each condition before collecting X-ray scattering data. 
 
Intermediate angle X-Ray scattering (IAXS) was also performed at the University of 
Pennsylvania with the same system described above. Samples under vacuum and at 90% 
RH were performed similarly to the SAXS experiments described above. For samples 
saturated in liquid water, films were soaked overnight in DI water prior to collecting X-
ray scattering. The films were sandwiched between two polyimide films and sealed in 
custom-made sandwich cells to ensure that the block copolymer films remained saturated 
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during the experiment. X-ray scattering from the sample was collected at ambient 
temperature under vacuum for 2 h. The scattering from two polyimide films, also 
collected at room temperature under vacuum for 2 h, was subtracted from the sample 
scattering prior to azimuthal angle integration. 
 
Morphology of the S-1.4-39.1 sample was imaged previously with a transmission 
electron microscope (TEM) and the details of the sample preparation and experimental 
conditions can be found in a previous publication.
80
 Morphology of the L-1.4-59.3 and L-
0.9-40.2 samples was imaged at the U.S. Army Research Laboratory. Samples were 
prepared for TEM by ultracryomicrotomy. A Leica UCT ultramicrotome equipped with a 
cryogenic cooling stage was used to cut sections approximately 90 nm thick using a 
Microstar diamond knife. Samples were cooled to -10 °C prior to sectioning. A JEOL 
JEM-2100F TEM and a Gatan 806 high-angle annular dark field scanning TEM (HAADF 
STEM) detector were used to collect dark field data. The TEM was operated at 200 keV, 
with a 40 μm condenser aperture, a HAADF STEM collection angle of 48 to 168 mrad, 
and spot size of 0.2 nm. Gatan Digital Micrograph was used to collect and analyze the 
data. In dark field images, high Z regions appear bright and low Z regions are dark. 
 
Small-angle neutron scattering (SANS) experiments were performed on the NG-B 10m 
SANS, operated by the National Institute of Standards and Technology (NIST) nSoft 10 
m consortium at the NIST Center for Neutron Research (NCNR). The incoming neutron 
wavelength was set to 5 Å and 12 Å for the collection of mid to high q and low q data, 
respectively. Furthermore, the sample-to-detector distance (SDD), as well as the detector 
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offset, was varied to collect a range of q values for the two wavelength settings (q values 
ranging from 0.0035 Å
-1
 to 0.5 Å
-1
). The total collection time for each sample was 
approximately 2 h. The samples were hydrated in liquid D2O for at least 48 h prior to 
beginning scattering experiments. The use of D2O as opposed to H2O was necessary to 
achieve a high contrast between the samples and sorbed D2O molecules, due to the high 
scattering length density (SLD) for the deuterium atom. Prior to beginning SANS 
experiments, the D2O saturated samples were mounted in a zero-gap sample cell with 
quartz windows. SANS experiments were carried out at 25 °C, 50 °C, and 80 °C, where 
the temperature of the sample cells was kept constant using a temperature bath. After 
completion of the scattering experiments, the hydrated film thickness was measured using 
a micrometer. Film thicknesses were recorded as the average of at least three 
measurements on the sample. The measured intensity from SANS was converted to 
absolute intensity by correcting for transmission and background scattering. The SANS 
data were reduced using software developed at the NCNR.
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3.3. Results and discussion 
 
Figure 3.2 shows TEM and SAXS data for all three samples listed in Table 3.1. All 
samples were under vacuum for these experiments (i.e., no measurable water present). 
Figure 3.2a is a bright field TEM image of S-1.4-39.1, which has previously been 
published.
80
 The image shows a lamellar morphology. This morphology type is supported 
by the SAXS profile of S-1.4-39.1 shown in Figure 3.2d, where four well-defined 
scattering peaks at q* (primary), 2q*, 3q*, and 4q* were observed and these peak 
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locations are indicative of a periodic lamellar morphology. A Bragg spacing of 25.1 nm 
for S-1.4-39.1 was determined from the SAXS data using the following equation, d = 
2π/q*. 
 
Figure 3.2b shows an HAADF STEM image of L-0.9-40.2 (a comparison to S-1.4-39.1 at 
a similar PIL composition, but lower IEC), in which a lamellar morphology was also 
observed, similar to that of S-1.4-39.1. Figure 3.2d shows the corresponding SAXS 
profile for this sample, where three well-defined scattering peaks at positions q*, 2q*, 
and 4q* were observed, indicative of a lamellar morphology. A Bragg spacing of 27.9 nm 
was calculated from the SAXS data for this sample. Therefore, an increase in alkyl chain 
length results in a similar lamellar morphology when the PIL volume fraction is similar 
(different IEC; 1.4 meq g
-1
 vs. 0.9 meq g
-1), but an increase in lamellar period of ≈2.8 nm 
was observed from S-1.4-39.1 to L-0.9-40.2. 
 
Figure 3.2c shows the HAADF STEM image of L-1.4-59.3 (a comparison to S-1.4-39.1 
at a similar IEC, but higher PIL composition). Although L-1.4-59.3 has the same IEC as 
S-1.4-39.1, the increase in PIL content (59.3 vol% vs. 40.2 vol%) results in a change 
from lamellae to PMMA cylindrical domains within a continuous PIL matrix. Figure 3.2d 
shows the SAXS profile of the L-1.4-59.3 sample, where only two broad peaks at q* and 
2q* were observed. 
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Figure 3.2. Electron microscopy images of PIL block copolymers at room temperature 
under vacuum: (a) S-1.4-39.1 [ref. 80], (b) L-0.9-40.2, (c) L-1.4-59.3. (a) bright-field 
TEM, samples unstained; dark regions correspond to PIL domains. (b) and (c) HAADF 
STEM; sample unstained; light regions correspond to PIL domains. (d) Small-angle X-
ray scattering profiles. SAXS data collected at 25 °C under vacuum. Arrows indicate 
peak positions. Data are vertically offset for clarity. 
 
 
 
Figure 3.3 shows a comparison of humidity-dependent ion conductivity and hydration 
values of the PIL block copolymers at 50 °C. Measurements were conducted at various 
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humidities ranging from 30% RH to 90% RH (circles) and in liquid water (square). 
Additionally, the humidity-dependent data were extrapolated to 100% RH (dashed line) 
for comparison with the measured liquid water results; both correspond to a water 
activity of one. Figure 3.3a shows the ionic conductivity of S-1.4-39.1, and as expected, 
the bromide conductivity increases over three orders of magnitude with increasing RH. 
This increase can be attributed to a water-assisted transport mechanism, where an 
increase in hydration number (λ = 1-7 mol water/mol Im+; Figure 3.3b) was observed 
over this humidity range. Interestingly, when the results were extrapolated to 100% RH 
to compare with samples measured in liquid water, there was a discontinuous increase in 
the hydration number of ≈17% even though no increase in bromide conductivity was 
observed. Similarly, the bromide conductivity of L-0.9-40.2 increases over three orders 
of magnitude with increasing RH as shown in Figure 3.3c. However, when extrapolated 
to 100% RH and compared to measurements in liquid water, an increase in bromide 
conductivity of ≈233% (4.2 mS cm-1 vs. 14.0 mS cm-1) was observed. The large change in 
conductivity can be attributed to the increase in hydration number of L-0.9-40.2 by 
≈113% from the extrapolated 100% RH value to the measure liquid water value as shown 
in Figure 3.3d. It is important to note that L-0.9-40.2 had similar conductivities compared 
to S-1.4-39.1 over the studied humidity range, even though it has a lower IEC (0.9 meq g
-
1
 vs. 1.4 meq g
-1
), slightly lower hydration numbers, and a similar lamellar morphology. 
However, when comparing the liquid water conductivities of L-0.9-40.2 to S-1.4-39.1, a 
≈130% increase in conductivity (14.0 mS cm-1 vs. 6.1 mS cm-1) was observed. Note that 
there is a difference in the liquid water hydration numbers (13.8 mol H2O/mol Im
+
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vs.10.2 mol H2O/mol Im
+
) when comparing L-0.9-40.2 to S-1.4-39.1, but this may not be 
the sole factor affecting the conductivity. 
 
Interestingly, the large discontinuity in conductivity that was observed for L-0.9-40.2 
between the extrapolated 100% RH value and the measured liquid water value was not 
observed for L-1.4-59.3 (see Figure 3.3e) even though an even larger increase in the 
hydration number of ≈221% from the extrapolated 100% RH value and the measured 
liquid water value was observed (see Figure 3.3f). Similar to the two previous samples, 
the bromide conductivity of L-1.4-59.3 increases three orders of magnitude over the 
humidity range studied. Note the L-1.4-59.3 has a slightly higher conductivity than S-1.4-
39.1 with a lower hydration value over the humidity range studied. Similar to L-0.9-40.2, 
a ≈97% increase in the liquid water bromide conductivity (12.0 mS cm-1 vs. 6.1 mS cm-1) 
was observed when comparing L-1.4-59.3 to S-1.4-39.1. Note that a more significant 
increase in liquid water hydration number (22.5 mol H2O/mol Im
+
 vs. 10.2 mol H2O/mol 
Im
+
) was observed when comparing L-1.4-59.3 to S-1.4-39.1. This result was unexpected 
since both polymers have the same IEC of 1.4 meq g
-1
, i.e., same concentration of 
hydrophilic charged groups. To understand these results in greater detail, the 
morphologies of the samples were explored in liquid water and at various humidities and 
at various temperatures. 
 
Note that in other ionomers, such as Nafion, a discontinuity between 100% RH and liquid 
water hydration numbers has been observed (14 vs. 22).
176
 Some researchers have 
suggested that results from water vapor are collected in a non-equilibrium state, where 
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measurements over longer time scales result in the hydration number at 100% RH 
increasing and approaching the value of the liquid water hydration number.
177
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
 
 
 
Figure 3.3. Bromide ion conductivity (a,c,e) and hydration number (b,d,f) at 50 °C for 
the PIL block copolymers: (a,b) S-1.4-39.1 (blue), (c,d) L-0.9-40.2 (red), and (e,f) L-1.4-
59.3 (black). Solid lines represent trend line of the data, and the dashed line represents an 
extrapolation of that trend to 100% RH. The squares represent the measured bromide ion 
conductivities and hydration numbers at 50 °C saturated in liquid water. 
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First, the morphologies of the PIL block copolymers were examined by SANS and IAXS 
saturated in liquid D2O and H2O, respectively. Figure 3.4a-c show SANS profiles of S-
1.4-39.1, L-0.9-40.2, and L-1.4-59.3, respectively, saturated in liquid D2O at 25 °C, 50 
°C, and 80 °C. The SANS profile for S-1.4-39.1 (see Figure 3.4a) has two well-defined 
scattering peaks with positions q* (primary peak) and 3q*, suggestive of a microphase 
separated lamellar morphology. There is no observed shift in the primary peak position at 
elevated temperatures indicating that the morphology remains stable over the temperature 
window explored with no measureable increase in lamellar period. Note that q* in Figure 
3.4a is lower compared to the dry SAXS results in Figure 3.2d, corresponding to an 
increase in lamellae period due to the presence of D2O in the system. Similar to S-1.4-
39.1, L-0.9-40.2 displayed a lamellar morphology under dry conditions (SAXS data in 
Figure 3.2d), however the SANS result only displays a primary peak, q*, in Figure 3.4b 
and this peak position does not change with increasing temperature.  
 
Interestingly, the presence of an additional correlation peak at high q (≈1.53 nm-1) was 
observed in L-0.9-40.2, but not in S-1.4-39.1. This peak also shifts to lower q and 
broadens as the temperature increases from 25 °C to 80 °C. The presence of this new 
peak indicates there is additional morphological feature microphase separation in L-0.9-
40.2, but on a smaller length scale than the d-spacing of the block copolymer lamellar 
morphology. The q value (at 25 °C) correlates to a d-spacing of 4.1 nm and increases to 
5.9 nm as temperature increases. This result would suggest that an increase in the length 
of the alkyl side chain of L-0.9-40.2, compared to S-1.4-39.1, allows for the cationic 
moieties on the longer alkyl chains to cluster microphase separate within the microphase 
separated PIL microdomains, forming water/ion clusters.  
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A similar high q correlation peak has been observed in the scattering profiles of other ion 
exchange membranes of comparable structural form, such as Nafion, where sulfonic acid 
groups on the perfluoroether side chains of Nafion coalesce to form ionic clusters (3 nm 
to 5 nm) and ultimately, interconnected ionic domains (Gierke model).
175, 178
 It is thought 
that these interconnected ionic structures allow for more facile water and proton 
transport.
179
 The correlation peak for the ionic domains in Nafion is located in a similar 
location as the correlation peak at high q for L-0.9-40.2 and suggests water/ion clusters 
with an intercluster distance on the order of 5 nm. Additionally, the shift of the 
correlation peak to lower q value can be indicative of an increase in cluster size with 
increasing temperature, while the broadening of this peak signifies that the size disparity 
of the clusters in L-0.9-40.2 is increasing (i.e., greater variation in size between the 
individual water/ionic domains). The high conductivity value in this material suggests 
that these water/ion clusters are connected throughout the film. 
 
Similar to Figure 3.4b, L-1.4-59.3 shows the presence of a correlation peak at high q, 
where this peak shifts to lower q and broadens as temperature is increased from 25 °C to 
80 °C as seen in Figure 3.4c. Again, this correlation peak is indicative of additional 
microphase separation and formation of water/ion clusters with a correlation distance on 
the order of 5 nm, enabled by the increased length of the alkyl portion of the side chain. 
The SANS results show an additional peak at 2q* for L-1.4-59.3, which was not observed 
for L-0.9-49.2, possibly due to the differences in morphology types. Table 3.2 
summarizes the SANS results: the primary peak positions (q*), water/ionic cluster peak 
positions (q
i
), and corresponding Bragg spacings. 
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IAXS experiments on the block copolymer materials saturated in liquid H2O (Figure 
3.4d) were also conducted to compliment the SANS results. The IAXS data confirm the 
presence of a correlation peak at high q for only the long alkyl side chain samples and not 
the short alkyl side chain sample, suggesting there are water/ion clusters. The peaks in 
Figure 3.4d at lower q are due to the higher ordering scattering peaks due to block 
copolymer microphase separation, also seen in Figure 3.2d. 
 
The samples were also examined under vacuum and at 90% RH (Figure 3.5) to determine 
if these water/ion clusters are present without liquid water. Interestingly, at both vacuum 
and 90% RH conditions, the correlation peak at ≈1.4 nm-1 is not present in any of the 
materials contrary to what was observed exclusively for the long alkyl side chain samples 
saturated in liquid water. This finding provides a rationale for the observed results in 
Figure 3.3, where the ion conductivity of L-0.9-40.2 increases significantly from the 
extrapolated 100% RH value to the measured liquid water value. Also, the formation of 
water/ion clusters explains why the conductivity of L-0.9-40.2 is higher than S-1.4-39.1 
(14.0 mS cm
-1
 vs. 6.1 mS cm
-1
) at 50 °C in liquid water even though it has a lower IEC. 
The large increase in hydration number for both long alkyl side chain samples when 
saturated in liquid water compared to the extrapolated 100% RH value may also be 
attributed to formation of water/ion clusters within the PIL microdomains allowing the 
samples to absorb more water. The S-1.4-39.1 sample does not exhibit this additional 
clustering microphase separation resulting in similar conductivity and hydration between 
the fully humidified and liquid conditions. Unlike L-0.9-40.2, a discontinuity in the ion 
conductivity for L-1.4-59.3 from the extrapolated 100% RH value to the measured liquid 
water value was not observed even though the water/ion clusters were detected for this 
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sample in liquid water. L-1.4-59.3 also differs from L-0.9-40.2 in that it has a continuous 
network morphology, where additional microphase separation, such as ion/water clusters 
may not significantly impact the ion conductivity compared to the confinement of 
ion/water clusters within lamellar microdomains, as was observed in L-0.9-40.2.   
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Figure 3.4. Small-angle neutron scattering (SANS) (a,b,c) at 25 °C, 50 °C, and 80 °C 
saturated in liquid D2O and intermediate-angle X-ray scattering (IAXS) (d) at 25 °C 
saturated in liquid H2O. Black and orange arrows indicate peak positions associated with 
block copolymer microphase-separated morphology and ion clustering, respectively. Data 
are vertically offset for clarity. 
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Table 3.2. SANS Results.  
Sample Temp. (°C) q
* 
(nm
-1
) d
*
 (nm)
a
 q
i
 (nm
-1
) d
i
 (nm)
b 
S-1.4-39.1 25 0.22 28.6 -- -- 
 50 0.22 28.6 -- -- 
 80 0.22 28.6 -- -- 
L-0.9-40.2 25 0.17 37.0 1.53 4.1 
 50 0.17 37.0 1.41 4.5 
 80 0.17 37.0 1.07 5.9 
L-1.4-59.3 25 0.15 41.9 1.53 4.1 
 50 0.15 41.9 1.36 4.6 
 80 0.15 41.9 1.01 6.2 
a
Correlation distance calculated by d
*
 = 2π/q*, where q* is the position of the primary 
peak obtained from 1-D SANS data; 
b
Correlation distance calculated by d
i
 = 2π/qi, where 
q
i
 is the position of the water/ion cluster peak obtained from 1-D SANS data.  
 
 
 
89 
 
 
 
 
Figure 3.5. Intermediate-angle X-ray scattering (IAXS) results of PIL block copolymers: 
(a) S-1.4-39.1 (blue) (b) L-0.9-40.2 (red) and (c) L-1.4-59.3 (black) at 25 °C under 
vacuum and 90% RH. Data are vertically offset for clarity. 
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function of temperature for all PIL block copolymers. At all temperatures studied, L-1.4-
59.3 has a higher conductivity than S-1.4-39.1 even though L-1.4-59.3 has a lower water 
uptake and corresponding hydration number (see Figure 3.6b). Note that the block 
copolymer morphology type (lamellae or PMMA cylinders) of each sample does not 
change from dry to 90% RH or with increasing temperature at 90% RH as evidenced by 
X-ray scattering (Appendix B Figure B1-2). This unusual behavior of higher ion 
conductivity at lower water contents may be due to a difference in morphology types 
between the two samples, where L-1.4-59.3 has a cylindrical morphology (see Figure  
3.2c) in which the PIL or conducting phase is the majority phase (i.e., continuous) 
compared to S-1.4-39.1, which has a lamellar morphology (see Figure 3.2a). More 
surprisingly, L-0.9-40.2 has a higher conductivity than S-1.4-39.1 at temperatures ≥ 60 
°C even though L-0.9-40.2 has a lower IEC (0.9 meq g
-1
 vs. 1.4 meq g
-1
) and lower 
hydration number (5 mol H2O per mol Im
+
 vs. 8 mol H2O per mol Im
+
) than S-1.4-39.1 
and both samples have a similar lamellar morphology type (see Figure 3.2b and 3.2a). 
These results suggest that the longer alkyl chain length provides a more favorable 
configuration for imidazolium cations within the microphase separated PIL domain and 
contributes to a more efficient organization of water and ions, even with the absence of 
ion clusters. Also, note that the bromide conductivities in all polymers follows an 
Arrhenius behavior with temperature at high humidity promoted by the thermal activation 
of water-assisted ion transport.
180
 The activation energies for L-0.9-40.2 and L-1.4-59.3 
are 96.6 kJ mol
-1
 and 86.2 kJ mol
-1
, respectively, which are both approximately three 
times higher than S-1.4-39.1 at 26.7 kJ mol
-1
. These activation energies are within range 
of those reported for imidazolium-bromide ionic liquid-water mixtures.
181
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Figure 3.6. Temperature-dependent properties at 90% RH: (a) bromide ion conductivity 
and (b) normalized water content (hydration number). 
 
 
 
3.4. Conclusion 
 
The synergistic impact of water/ion clustering and block copolymer morphology on ion 
conductivity was explored through a systematic study of two PIL block copolymers with 
different alkyl side chain lengths (ethyl vs. undecyl). The undecyl sample was compared 
to the ethyl sample at the same PIL content (≈40%) and IEC (1.4 meq g-1). The 
morphologies of the samples in the dry, hydrated, and liquid saturated states were 
carefully characterized with SANS, SAXS, IAXS, and TEM. Ion transport and water 
uptake were measured with electrochemical impedance spectroscopy and dynamic vapor 
sorption, respectively. A key result from this study is the formation of water/ion clusters 
in the undecyl samples when saturated in liquid water as observed by SANS and IAXS. 
Water/ion clusters were not observed in the ethyl samples under any condition and were 
not observed in the undecyl samples under highly humidified or dry conditions. The 
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formation of water/ion clusters was only observed in the undecyl samples saturated in 
liquid water.  
 
In this study, water/ion clusters within PIL microdomains appear to have a significant 
impact on ion transport, where increases in bromide ion conductivity in the liquid water 
saturated state were observed when the undecyl sample was compared to the ethyl sample 
at the same lamellar morphology even though the undecyl sample had a lower IEC. An 
increase in bromide ion conductivity was also observed in the undecyl sample with 
lamellar morphology when comparing the liquid water state to the high humidity state. 
Both of these results indicate the beneficial impact of water/ion cluster formation within 
PIL microdomains on ion transport. Furthermore, the improvement in conductivity 
suggests that the water/ion clusters are percolated and possess sufficient local mobility to 
facilitate ion transport across the membrane. 
 
When comparing the undecyl sample to the ethyl sample at the same IEC, the undecyl 
sample also had higher bromide ion conductivity in the liquid water saturated state. 
However, in addition to water/ion clusters exclusive to the undecyl sample in this 
saturated state, a block copolymer morphology change from lamellar to PMMA cylinders 
inside of continuous PIL microdomains was observed due to the increase in PIL 
composition. Unexpectedly, this morphology change in the undecyl sample also resulted 
in a higher hydration number compared to the ethyl sample in the liquid water saturated 
state even though both samples have the same IEC or same concentration of hydrophilic 
charged groups suggesting differences in the accessibility of the of these charged groups 
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to water. Also, no significant difference in bromide ion conductivity was observed when 
comparing liquid water saturated to high humidity states in the undecyl samples. This 
result suggests that a continuous conductive microdomain with water/ion clusters within 
the PIL microdomains has less impact on the ion conductivity compared to the 
confinement of water/ion clusters within lamellar PIL microdomains. Overall, the 
synergistic impact of water/ion clusters and block copolymer morphology on water-
assisted ion transport was demonstrated and future studies on this synergistic effect on 
various block copolymer morphologies and chemistries are highly warranted. 
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Chapter 4. Polymerized Ionic Liquid Diblock Copolymer as an Ionomer and 
Anion Exchange Membrane for Alkaline Fuel Cells 
 
4.1. Introduction 
 
In this work, a similar PIL diblock copolymer, poly(MMA-b-MUBIm-Br), as described 
in the previous chapter was synthesized via the reverse addition fragmentation chain 
transfer (RAFT) polymerization technique at two compositions (20.0 and 37.9 mol% 
PIL) and subsequently ion exchanged to the bicarbonate (HCO3
–
) form, poly(MMA-b-
MUBIm-HCO3). The glass transition temperatures, water uptake, and bicarbonate ion 
conductivity of this PIL block copolymer were measured. Membrane electrode 
assemblies were fabricated with this PIL block copolymer as both the solid-state 
membrane separator and the ionomer in the catalyst layers using three different 
techniques: Painted Gas Diffusion Layer (GDL), Air Spray GDL, and Decal Transfer. 
AFC performance was measured as a function of fuel cell operating conditions, MEA 
fabrication technique, membrane thickness, and ionomer in different anion exchanged 
forms. To our knowledge, this is the first report of the AFC performance of a PIL block 
copolymer. 
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4.2. Experimental 
 
4.2.1. Materials  
 
Acetonitrile (anhydrous, 99.8%), isopropanol (99.5%), potassium bicarbonate (KHCO3, 
ACS reagent ≥99.7%), and dimethyl sulfoxide-d6 (DMSO-d6, 99.9% atom% D, contains 
0.03% v/v TMS) were used as received from Sigma-Aldrich. 20 wt% platinum (Pt) on 
carbon (C) (Pt/C; Vulcan XC-72, Premetek Co.) and gas diffusion layer (GDL; SGL-
25BC, Fuel Cells, Etc.) were used as received. Ultrapure deionized (DI) water with 
resistivity ≈16 MΩ cm was used as appropriate. Ultra high purity grade N2, H2, O2 and 
ultra zero grade air were purchased from Airgas and used for all fuel cell experiments. 
 
 
 
 
(1) 0.1 M KHCO3, room temp., 2 h, 3 times; DI water, room temp., 30 min, 3 times. 
 
Figure 4.1. Ion Exchange metathesis of PIL block copolymer, poly(MMA-b-MUBIm-
HCO3) 
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4.2.2. Synthesis of PIL Block Copolymer  
 
Imidazolium-based polymerized ionic liquid (PIL) diblock copolymer, poly(methyl 
methacrylate-block-1-[(2-methacryloyloxy)undecyl]-3-bromide or poly(MMA-b-
MUBIm-Br) was used as the precursor polymer in this study (left structure in Figure 4.1) 
was synthesized previously from an ionic liquid monomer, 1-[(2-
methacryloyloxy)undecyl]-3-butylimidazolium bromide (MUBIm-Br), and a non-ionic 
monomer, methyl methacrylate (MMA), via the reverse addition fragmentation chain 
transfer (RAFT) polymerization technique.
171
 The precursor PIL block copolymer at two 
different PIL compositions (20.0 and 37.9 mol%) were used in this study; specifically, 
the precursor PIL block copolymer at 20 mol% PIL was scaled up to produce a larger 
quantity batch, which was needed for all of the AFC performance tests. Table 4.1 shows 
the reaction conditions, molecular weights, and polydispersities of the block copolymers 
synthesized prior to functionalization with imidazole (poly(MMA-b-BrUMA)) at the two 
compositions. The bicarbonate (HCO3
–
)-exchanged PIL diblock copolymers, poly(MMA-
b-MUBIm-HCO3), used in this study were prepared via ion exchange metathesis of the 
precursor  bromide (Br
–
) conducting PIL diblock copolymers, poly(MMA-b-MUBIm-
Br), as shown in Figure 4.1. This was performed in the solid state (films; see section 
below for details on film casting procedure). Figure 4.1 provides details of the ion 
exchange metathesis where films were placed in a well-mixed 0.1 M KHCO3 aqueous 
solution for 6 h. The KHCO3 solution was replaced with a freshly prepared solution every 
2 h and repeated 3 times. The bicarbonate-exchanged films were then soaked in fresh DI 
water for 30 min and repeated 3 times to remove excess HCO3
–
 anions. Residual water 
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was removed by drying under vacuum at room temperature for 24 h. 
1
H NMR (500 MHz, 
DMSO-d6, 23 °C) δ (ppm): 8.0-7.65 (d, 2H, N−CH=CH−N), 4.48 (d, 2H, 
N−CH2−CH2−CH2), 4.2 (d, 2H, N-CH2-CH2-CH2), 3.85 (t, 2H O-CH2-CH2-), 3.58 (s, 3H, 
O-CH3), 1.88 (s, 4H, CH2−C(CH3), N−CH2−CH2−CH2−CH3), 1.52 (m, 2H, O-CH2-CH2-
), 1.3-1.1 (m, 18H, O-CH2-CH2-(CH2)8-, N−CH2−CH2−CH2−CH3), 1-0.85 (s, 6H, 
N−CH2−CH2−CH2−CH3, CH2−C(CH3)), 0.75 (s, 3H, CH2−C(CH3))  (NMR, Figure 4.3). 
Elemental Anal. Calcd: C, 62.6; H, 8.8; N, 3.4; Br, 0. Found: C, 60.46; H, 8.58; N 2.77; 
Br, 0.00. Mn = 32.1 kg mol
-1
 (20.0 mol % NMR).  Mn = 51.3 kg mol
-1
 (37.9 mol % NMR) 
 
 
 
Table 4.1. Reaction conditions, molecular weight of block copolymer: (poly(MMA-b-
BrUMA). 
mol %
a
 recipe
b
 Mn 
c
 
(kg mol
-1
) 
Mn 
d
 
(kg mol
-1
) 
PDI
d
 
20.0 60:1:0.1 16.3 + 12.0 24.9 1.43 
37.9 150:1:0.1 19.8 + 23.9 31.3 1.46 
a
determined from 
1
H NMR spectroscopy; 
b
A:B:C = BrUMA:PMMA-CTA:AIBN (in 
mol); 
c
calculated from 
1
H NMR spectroscopy; 
d
determined by SEC.   
 
 
 
 
4.2.3. Solvent-Casting PIL Block Copolymer Membranes  
 
Membranes or films of precursor PIL block copolymer, poly(MMA-b-MUBIm-Br), were 
fabricated by first dissolving the polymer in anhydrous acetonitrile (5% w/w) and 
subsequently casting onto Teflon dishes (ca. 78 mm (D)) for alkaline fuel cell 
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experiments and Teflon substrates (ca. 35 mm (L) × 4 mm (W) × 0.525 mm (T)) for 
thermal experiments. Polymer solutions were partially covered and allowed to evaporate 
under ambient conditions for 24 h. The polymer films were subsequently annealed under 
vacuum at 150 °C for 72 h. These annealed films were anion exchanged to the 
bicarbonate form, poly(MMA-b-MUBIm-HCO3) according to the procedure above. The 
film thicknesses, ranging from 35 to 300 μm, were measured with a Mitutoyo digital 
micrometer (±0.001 mm accuracy).  
 
4.2.4. Characterization 
 
Chemical structures poly(MMA-b-MUBIm-HCO3) were characterized by 
1
H NMR 
spectroscopy using a Varian 500 MHz spectrometer at 23 °C with DMSO-d6 as the 
solvent. All chemical shifts were referenced to tetramethylsilane (TMS). Glass transition 
temperatures (Tgs) were determined by differential scanning calorimetry (DSC; TA 
instruments, Q200) over a temperature range of -100 to 150 °C at a heating/cooling rate 
of 10 °C/min under a N2 environment using a heat/cool/heat method. Tg was determined 
using the midpoint method from the second thermogram heating cycle. 
 
The ionic (bicarbonate) conductivity of poly(MMA-b-MUBIm-HCO3) films was 
measured using electrochemical impedance spectroscopy (EIS, Gamry, Reference 3000) 
over a frequency range of 1 Hz to 10
6
 Hz at 100 mV. Conductivities were collected under 
humidified conditions, where temperature and relative humidity were controlled by an 
environmental chamber (Tenney, BTRS model). The in-plane conductivity was measured 
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in a custom-made cell with four-parallel platinum electrodes, where an alternating current 
was applied to the outer electrodes and the real impedance or resistance, R, was measured 
between the two inner reference electrodes. The resistance was determined from the high 
x-intercept of the semi-circle regression of the Nyquist plot. Conductivity was calculated 
by using the following equation: σ = L/AR, where L is the distance between two inner 
electrodes and A is the cross-sectional area of the polymer film (A = Wl; W is the film 
width and l is the film thickness). Samples were allowed to equilibrate for 2 h at each 
temperature and humidity condition followed by four measurements, taken every 5 min, 
at the equilibrium condition. The reported values are an average of these steady-state 
measurements. An average error of <5% was observed between multiple steady-state 
values and duplicate experiments.  
 
Water uptake or content was measured with dynamic vapor sorption (DVS, TA 
Instruments Q5000). A dry sample was first loaded into the DVS and preconditioned at 
0% RH and 30 °C for 2 h to remove any residual water in the sample. Only a small 
change in weight (<0.5%) was observed during this 2 h period and the loss in mass did 
not change well before the end of this 2 h time period. Subsequently, the relative 
humidity was systematically changed to constant values (30%, 45%, 60%, 75%, 90%, 
95%) at a fixed temperature (60 °C) and the film was allowed to equilibrate for 2 h at 
each condition. The mass was no longer changing well before the end of each 2 h 
equilibration period, indicating that equilibrium water sorption was reached. The polymer 
water content [wt%; g H2O/g dry polymer × 100] was calculated as follows:  
100 
 
 
 
                         (4.1)  
 
where W0 and W are the dry and wet polymer weights measured by DVS. The hydration 
number (λ), defined as the moles of water per mole of imidazolium cation in the hydrated 
polymer [mol H2O/mol Im
+
], was calculated using the following equation: 
 
                                                                                         (4.2) 
                                                                          (4.3) 
 
MWCP is the molecular weight of the repeat unit of the copolymer, MWH2O and MWPIL are 
the molecular weights of water (18.02 g mol
-1
) and the PIL monomeric unit including 
counter anion (MWPIL,MUBIm-HCO3 = 425 g mol
-1
), xPIL is the mole fraction of polymerized 
ionic liquid unit in the block copolymer.  
 
4.2.5. Membrane Electrode Assemblies (MEA) 
 
The catalyst solution used in the preparation of the MEAs consisted of 20 mg of Pt/C (20 
wt% Pt on C), 188 mg of polymer solution (5 wt% poly(MMA-b-MUBIm-HCO3) in 
acetonitrile), 83 mg of DI water, and 249 mg DI water/isopropanol (1:3 w/w). For the 
total solids in the catalyst solution, the Pt and polymer compositions were 13 and 33 
wt%, respectively. Previous studies on Nafion-based proton exchange membrane fuel 
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cells have shown optimal fuel cell performance using approximately 13 wt% Pt and 33 
wt% Nafion of the solids content.
182, 183
 A similar recipe was used here for the AEMFCs 
studies, but was not optimized in this study in relation to AEMFC performance. This 
mixture was sonicated for 5 min (Model CL-18, Qsonica Sonicator) prior to deposition to 
produce electrodes. Three different techniques were used for the preparation of MEAs as 
described in the subsections below.    
 
4.2.5.1. Painted GDL Technique 
 
The catalyst solution was hand painted on 1.1 x 1.1 cm GDLs until catalyst loadings of 
approximately 0.40 mg/cm
2
 Pt were achieved on both the anode and the cathode. The 
GDLs were allowed to air dry under ambient conditions between successive paintings 
until desired Pt loading was achieved. Pt loading was measured by weighing the 
catalysted coated GDL after every successive coating with a Mettler Toledo balance 
(AB54-S, VWR, 0.1 mg precision). MEAs were fabricated by sandwiching two catalyst-
coated GDLs (anode and cathode catalyst layers) on either side of a poly(MMA-b-
MUBIm-HCO3) membrane and hot pressing (hot press, Carver) for 5 min at 32 °C and 
115 psig (793 kPa). Resulting in an MEA with the catalyst-coated GDLs pressed onto the 
polymer membrane as shown in Figure 4.2. MEAs were allowed to cool under ambient 
conditions prior to fuel cell testing. 
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Figure 4.2. MEA fabricated via Painted GDL technique with a 50 µm film of 
poly(MMA-b-MUBIm-HCO3) as the solid electrolyte separator. 
 
 
 
4.2.5.2. Air Spray GDL Technique  
 
The catalyst solution was air sprayed (Iwata CR airbrush) on 1.1 x 1.1 cm GDLs until 
catalyst loadings of approximately 0.40 mg/cm
2
 Pt were achieved on both the anode and 
the cathode. The GDLs were allowed to air dry under ambient conditions between 
successive air spray coatings until desired Pt loading was achieved. Catalyst-coated 
GDLs were dried under dynamic vacuum at room temperature. MEAs were then 
fabricated using the same technique (sandwiching and heat pressing) as described above 
for the Painted GDL technique. 
 
4.2.5.3. Decal Transfer Technique 
 
The catalyst ink solution was hand painted on 1.1 x 1.1 cm Teflon-coated fiberglass 
decals (CS Hyde) until catalyst loadings of 0.40 mg/cm
2
 Pt were achieved on both the 
anode and the cathode. The decals were allowed to dry under ambient conditions between 
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successive paintings until desired Pt loading was achieved. MEAs were then fabricated 
by transferring the electrodes onto each side of a poly(MMA-b-MUBIm-HCO3) 
membrane  by first sandwiching two catalyst-coated decals on each side of the 
membrane, heat pressing for 30 s at 135 °C and 230 psig (1.58 MPa) and then peeling 
away decals from membrane, where catalyst coating transferred to each side of 
membrane. The final MEA was then allowed to cool under ambient conditions prior to 
fuel cell testing. During fuel cell testing, the MEA assembly was sandwiched between 
two GDLs sized to cover the active area (1.21 cm
2
) and complete the MEA assembly.  
 
4.2.6. Fuel Cell Operation 
 
Each MEA (1.21 cm
2
 area) was placed between two serpentine flow field graphite plates 
(1 cm
2
 flow area), separated by two 0.160 mm thick Teflon coated gaskets (Pt No. 381-6, 
Saint Gobian). The fuel cell assembly consisted of an MEA, two gaskets, and two flow 
plates placed between two copper current collectors, followed by endplates; assembly 
was held together by tie rods (bolts) with 11.3 N-m (100 lb-in) of torque. The fuel cell 
performance (polarization curves: voltage vs. current density) of each MEA was 
evaluated with a Fuel Cell Test Station (850 C, Scribner Associates, Inc.). Fuel cell tests 
were conducted under both ambient pressure and 172 kPa (25 psig) back pressure with 
saturated (RH = 100%) anode and cathode flow rates of 0.42 L min
-1 
hydrogen and 1.0 L 
min
-1
 air or oxygen, respectively. The cathode, anode, and cell were all maintained at 60 
°C. Polarization curves were collected from open circuit voltage (OCV) to 0.2 V at 
increments of 0.05 V min
-1
. The fuel cell performance was recorded after a new MEA 
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was fully activated. The activation process involved operating the MEA at 0.7 V at 60 °C 
for approximately 2 hours, followed by voltage scanning from OCV to 0.2 V several 
times. This activation process was repeated until the MEA reached steady state, such that 
no further increase in current was observed when the fuel cell was held at constant 
voltage, which typically occurred over approximately 3 h. 
 
4.3. Results and Discussion 
 
4.3.1. Anion Exchange Reaction 
 
The synthesis of PIL block copolymer poly(MMA-b-MUBIm-HCO3), shown in Figure 
4.1, was achieved through anion exchange metathesis. The polymer was exchanged to the 
bicarbonate (HCO3
–
) form, as bicarbonate anions are less sensitive to atmospheric CO2 
than hydroxide anions, which have been shown to convert to both carbonate and 
bicarbonate (i.e., CO3
2–
 and HCO3
–
) anion forms from the hydroxide form in some anion 
exchange membranes.
16, 38
. 
1
H NMR spectroscopy confirmed the efficacy the anion 
exchange reaction from bromide anion to bicarbonate anion form as shown in Figure 4.3 
and the extent of conversion was calculated by relative integrations of resonance “a” 
versus resonance “e” (i.e., a/2/(a/2+e/3). The anion exchange reaction was confirmed by 
the chemical shifts of the C(4,5) protons (e.g., from 7.70 pm (N-CH=CH-N of 
poly(MMA-b-MUBIm-Br))
171
 to 7.65 ppm (poly(MMA-b-MUBIm-HCO3))). Elemental 
analysis further confirmed that there were no residual bromide anions present in the PIL 
block copolymer after ion exchange. The residual water content in this highly 
105 
 
 
 
hydroscopic PIL block copolymer resulted in slight deviations between measured 
elemental analysis results and theoretically calculated H, C, and N weight values.  
 
 
 
 
Figure 4.3. 
1
H NMR spectra of poly(MMA-b-MUBIm-HCO3), 20 mol% PIL, in DMSO-
d6. 
 
 
 
4.3.2. Thermal Properties 
 
The glass transition temperatures (Tgs) of the bromide and bicarbonate anion exchange 
PIL block copolymer were measured by DSC as shown in Figure 4.4a. There are two 
distinct Tgs for both poly(MMA-b-MUBIm-HCO3) and poly(MMA-b-MUBIm-Br), 
suggesting microphase separation within both block copolymers. The Tg of the PIL block 
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decreased from 23 °C to 10 °C from the bicarbonate to the bromide form of the polymer. 
This difference may be attributed to differences in anion size and ion pair coordination 
strength. The Tg attributed to the PMMA block increases slightly after anion exchange 
(Br
–
 to HCO3
–
 anion), which may be attributed the solid-state ion exchange process.  
 
Figure 4.4b shows a comparison of humidity-dependent (30 to 90% RH) hydration values 
for the PIL block copolymers at 60 °C. This temperature (60 °C) was chosen to represent 
the operating cell temperature in the alkaline fuel cell experiments. Hydration number for 
poly(MMA-b-MUBIm-Br) increased by an order of magnitude (λ = 0.7 – 6.7 mol 
water/mol Im
+
) over the humidity range studied. After ion exchange from bromide to 
bicarbonate form, the hydration number increased by approximately 2-fold (λ = 1.5 – 
11.6 mol water/mol Im
+
) at all humidities studied. 
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Figure 4.4. (a) DSC thermograms and (b) hydration number as a function of humidity at 
60 °C for both bicarbonate (HCO3
–
) and bromide (Br
–
) forms of PIL block copolymer; 20 
mol% PIL. 
 
 
 
Figure 4.5 shows the humidified-dependent (30 to 95% RH) bicarbonate ionic 
conductivity of poly(MMA-b-MUBIm-HCO3) at 60 °C as a function of relative humidity. 
As expected, the bicarbonate conductivity increases by three orders of magnitude with 
increasing humidity. This increase can be attributed to a water-assisted transport 
mechanism indicated by an increase in the hydration number (see Figure 4.4b) over this 
humidity range. The bicarbonate conductivity at 60 °C and 95% RH was equal to 14.8 
mS cm
-1
. It is interesting to note that others have estimated a hydroxide ion conductivity 
in their polymers based on measured bicarbonate conductivity data by multiplying the 
bicarbonate conductivity by a correction factor of 3.8, which has been estimated from the 
differences in ion mobilities at infinite dilution in aqueous solutions.
74, 114
 This would 
yield in an estimated hydroxide conductivity in this PIL block copolymer of 
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approximately 56 mS cm
-1
 at 60 °C and 95% RH. Therefore, the high conductivity of this 
polymer suggests that this may be a promising AEM candidate for AFCs. 
 
 
 
 
Figure 4.5. Humidity-dependent bicarbonate (HCO3
–
) ionic conductivity of poly(MMA-
b-MUBIm-HCO3) at 20 mol% PIL at 60 °C as a function of (a) relative humidity and (b) 
hydration number. 
 
 
 
4.3.3. Alkaline Fuel Cell Performance 
 
 In addition to utilizing poly(MMA-b-MUBIm-HCO3) as the membrane, it was also 
utilized as the ionomer in the catalyst ink solution to promote compatibility and minimize 
interfacial resistance between the membrane and electrodes (anode and cathode catalyst 
layers). Others have reported on using water-insoluble homopolymers as the ionomer in 
AFC electrodes.
184, 185
 One example by Varcoe and coworkers
109
 includes a 
homopolymer ionomer consisting of cross-linking poly(vinylbenzyl chloride) with 
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tetramethylhexanediamine (TMHDA). In this present study, the PIL block copolymer, 
poly(MMA-b-MUBIm-HCO3), was used as the ionomer in the electrode, where the 
analogous PIL homopolymer, poly(MUBIm-HCO3), could not be considered since it is 
water soluble.  Note that the catalyst ink solution was not optimized for this study; 33 
wt% polymer of total solids content was used in the electrodes based on previous 
optimized ink solutions for PEMFCs.
182
 
 
In this study, the following parameters investigated include the oxidant fuel (i.e., oxygen 
vs. air), fuel back pressure, membrane thickness, polymer content, and MEA fabrication 
technique. Figure 4.6 shows the impact of two parameters on AEM AFC performance: 
fuel back pressure (0 psig (0 kPa) vs. 25 psig (172 kPa)) and oxidant fuel (oxygen vs. air). 
Figure 4.6a shows the effects of back pressure using H2/air, where the peak power density 
increased 146% from 8.3 mW/cm
2
 (0 psig (0 kPa)) to 20.4 mW/cm
2
 (25 psig (172kPa)). 
The increase of back pressure to the AFC increases the local partial pressure of oxygen at 
the electrode surface, which increases the performance.
186
 Similarly, Figure 4.6b shows 
the effect of back pressure using H2/O2 where the maximum power density increased 
45% from 20.2 mW/cm
2
 (0 psig (0 kPa)) to 29.3 mW/cm
2
 (25 psig (172 kPa)). 
Furthermore, comparing Figure 4.6a to Figure 4.6b shows that using 100% oxygen as the 
cathodic fuel results in enhanced power densities for both 0 psig (0 kPa) and 25 psig (172 
kPa) back pressure as a result of the increased concentration of oxygen at the 
electrode/MEA interface. At 0 psig (0 kPa) and 25 psig (172 kPa) there is an increase 
peak power of 144% and 44%, respectively, when comparing air to oxygen. As shown in 
Figure 4.6b, one of the reasons for the relatively low peak power density was the 
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resistance posed by the cell. The polarization curves in Figure 4.6 decrease rapidly with 
increasing voltage, indicating that Ohmic resistance is a significant portion of the 
potential loss. The OCV was at its highest value of 1.02 V with H2/O2 and 25 psig (172 
kPa) backpressure, which is close to the theoretical value of 1.23 V.   
 
 
 
 
Figure 4.6. AFC performance at 60 °C at ambient pressure (0 psig (0 kPa)) and 25 psig 
(172 kPa) back pressure for (a) H2/air and (b) H2/O2. 
 
 
 
As shown in Figure 4.6b, the maximum power density was achieved using H2/O2 with 25 
psig (172 kPa) backpressure, therefore, these conditions were used in the remaining 
experiments to investigate the effect of other parameters on AFC performance. The effect 
of decreasing the thickness of the PIL block copolymer membrane (i.e., decrease cell 
resistance) on AFC performance was investigated, where a membrane at 35 μm thick was 
compared to one at 50 μm as shown in Figure 4.7a. Surprisingly, decreasing the thickness 
of the membrane from 50 to 35 μm decreased the peak power density from 29.3 mW/cm2 
to 25.1 mW/cm
2
 (14% decrease). Typically, thinner membranes result in higher ion flux 
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and therefore higher power density. The behavior observed here might be a result of 
lower mechanical strength as the thickness of the membrane decreases, which could 
affect the AFC performance negatively.  
 
 
 
 
Figure 4.7. H2/O2 AFC performance at 60 °C and 25 psig (172 kPa) back pressure with 
varying (a) membrane thickness and (b) PIL mol% composition.   
 
 
 
The impact of increasing the PIL (ionic) content in the polymer from 20.0 mol% to 37.9 
mol% while maintaining a membrane thickness of 50 μm was also investigated. 
Increasing the ionic content or ion exchange capacity of the membrane should increase 
ionic conductivity and could lead to a decrease in cell resistance. However, Figure 4.7b 
shows that increasing the PIL content from decreased the AFC peak power density from 
29.3 mW/cm
2
 to 19.9 mW/cm
2
 (32% decrease). This decrease may be a result of an 
increase in gas crossover across the membrane as evidenced by a decrease in the OCV 
decreased from 1.05 V to 0.82 V when comparing the 20.0 mol% to the 37.9 mol% PIL 
content membrane. This performance decrease suggests that increasing IEC in these 
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membranes may not only increase conductivity, but also increase gas crossover, where 
the latter has a more significant impact on the fuel cell performance. Note that the 
catalyst solution used in the electrodes was the PIL block copolymer with 20 mol% PIL 
for both membranes of different PIL compositions. 
 
Figure 4.8 shows the impact of the ionomer in the catalyst layer in both bicarbonate 
(HCO3
–
) and bromide (Br
–
) forms on the AFC performance. There is a significant 
decrease in the peak power density from the bicarbonate (29.3 mW/cm
2
) to bromide (4.6 
mW/cm
2
) forms (84% decrease). The sharp power loss may be a result of bromide ions 
strongly bonding to platinum during the ion exchange process within the fuel cell. 
Bromide ions can simultaneously suppress both the adsorption of oxygen molecules and 
the formation of pairs of platinum sites needed for the breaking of oxygen-oxygen bonds. 
Furthermore, the kinetics of the oxygen reduction reaction (ORR) are inhibited by Br
–
 
ions.
187
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Figure 4.8. H2/O2 AFC performance at 60 °C and 25 psig (172 kPa) back pressure with 
PIL block copolymer as ionomer in bicarbonate (HCO3
–
) and bromide (Br
–
) forms. 
 
 
 
Despite the higher AFC performance observed with the ionomer in bicarbonate form, it 
should be noted that the bicarbonate form of the PIL block copolymer did not dissolve 
well in acetonitrile. Figure 4.9a shows a cloudy polymer solution for the bicarbonate 
form of the polymer dissolved in acetonitrile, while a clear polymer solution was 
observed with the bromide form of the polymer dissolved in acetonitrile (shown in Figure 
4.9b). The poor solubility of the bicarbonate form of the PIL block copolymer may 
negatively impact the morphology of the resulting catalyst layer and thereby reducing 
AFC performance. Future studies that explore other solvents and polymer/solvent 
compositions may have an impact on the resulting catalyst layer morphology and 
subsequently AFC performance. 
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Figure 4.9. PIL block copolymers at 20 mol% PIL dissolved in 5 wt% acetonitrile: (a) 
poly(MMA-b-MUBIm-HCO3) and (b) poly(MMA-b-MUBIm-Br).  
 
 
 
In addition to chemical changes to the MEA, the impact of various MEA fabrication 
techniques (Painted GDL, Air Spray GDL, Decal Transfer) on AFC performance was 
investigated (Figure 4.10). Compared to the Painted GDL technique (29.3 mW/cm
2
), both 
the Air Spray GDL (15.4 mW/cm
2
) and Decal Transfer (7.6 mW/cm
2
) techniques resulted 
in lower AFC performance: 47% and 74% decrease, respectively. The higher temperature 
and pressure required to transfer the catalyst layer onto the polymer membrane in the 
Decal Transfer technique may have resulted in negatively affecting the membrane 
properties and therefore may be one reason for the lower AFC performance. When 
comparing the Painted GDL and Air Spray GDL techniques, the differences in AFC 
performance may have been a product of differences in the resulting catalyst layer 
morphology, where the former resulted in a higher number of triple phase boundaries 
(intersection of pores, catalyst, and polymer).  
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Figure 4.10. H2/O2 AFC performance at 60 °C and 25 psig (172 kPa) back pressure with 
various MEA fabrication techniques: Painted GDL, Air Spray GDL, Decal Transfer.   
 
 
 
4.4. Conclusion  
 
A new PIL diblock copolymer, poly(MMA-b-MUBIm-HCO3) was produced via anion 
exchange metathesis from the bromide conducting PIL diblock copolymer, poly(MMA-b-
MUBIm-Br). The ion exchange of the PIL block copolymer from bromide to bicarbonate 
form resulted in slightly lower Tg for the PIL block and a slightly higher hydration 
number at all humidities studied along with a high bicarbonate conductivity (14.8 mS/cm
-
1
 at 60 °C and 95% RH). The bicarbonate conducting PIL block copolymer was 
incorporated into an AFC as both the membrane in the MEA and the ionomer in the 
catalyst layers. A peak power density of 29.3 mW cm
-1
 (60 °C with H2/O2 at 25 psig (172 
kPa) backpressure) was achieved using the Painted GDL MEA fabrication technique. At 
these conditions, the use of a thinner film (35 µm vs. 50 µm) and a higher PIL mol% 
block copolymer as the membrane (37.9% vs. 20.0%) both decreased performance by 
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14.3% and 32.1%, respectively. These results were all achieved using 33 wt.% ionomer 
in the catalyst layers, which may not be optimal for this system. However, these results 
show the promise PIL block copolymers as both membrane separators and ionomers in 
catalyst layers for AFCs. Future investigations into the chemical stability, MEA 
fabrication procedures, catalyst layer compositions, and AFC operating conditions may 
lead to higher overall AFC performance.   
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Chapter 5. Effect of Alkaline Exchange Polymerized Block Copolymer Ionomers  
  on the Kinetics of Fuel Cell Half Reactions 
 
5.1. Introduction 
 
We have recently synthesized a PILBCP, poly(MMA-b-MUBIm-OH), comprised of a 
PIL component (MUBIm-OH = 1-[(2-methacryloyloxy) undecyl]-3-butylimidazolium 
hydroxide) and a nonionic component (MMA = methyl methacrylate).
188
 In this previous 
work, membrane electrode assemblies were fabricated with this PILBCP as both the 
solid-state membrane separator and the ionomer in the catalyst layers.
188
 A peak power 
density of approximately 30 mW cm
-1
 (60 °C with H2/O2 at 25 psig (172 kPa) 
backpressure) was achieved. The resulting AEMFC performance was considerably lower 
than expected given the high hydroxide conductivity of approximately 56 mS cm
-1
 at 60 
°C and 95 % RH for the PILBCP.
188
 The low AEMFC power density is potentially the 
result of two factors: (1) physical/chemical blocking of catalytic sites by the PILBCP 
(poor triple phase boundary geometry) adversely affecting the kinetics of the anodic and 
cathodic reactions and/or (2) interfacial resistance between the ion conducting species in 
the AEM and ionomer within the catalyst layer as a consequence of sub-optimal catalyst 
layer fabrication and MEA assembly.  
 
In this work we attempt to address the first of the limiting factors by using rotating disk 
electrode (RDE) half-cell experiments to determine the impact of the PILBCP, 
poly(MMA-b-MUBIm-OH), on the ORR and HOR activity of a commercial Pt/C 
nanoparticle catalyst. The effect of PILBCP on both the ORR and HOR was investigated 
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at three PILBCP loadings within the catalyst layer, 23, 41, and 57 wt% of total solid. The 
PILBCP results were then compared to Nafion coated Pt/C nanoparticles to determine if 
Nafion exerts a similar impact on half-reaction kinetics. 
 
5.2. Experimental 
 
5.2.1. Materials  
 
Acetonitrile (ACN, anhydrous, 99.8%), 2-propanol (IPA, electronic grade, 99.999%), 
Sulfuric Acid (H2SO4, ACS reagent, 95-98%), and potassium hydroxide (KOH, 
semiconductor grade, 99.99%) were used as received from Sigma-Aldrich. Nitric Acid 
(HNO3, ACS plus, 70%) was used as received from Fisher Scientific. Perchloric acid 
(HClO4, omnitrace ultra, 65-71%) was used as received from EMD. Millipore (Milli-Q 
Synthesis A10) water with resistivity ≈18.2 MΩ cm was used as appropriate. Research 
grade (99.999%) oxygen (O2), hydrogen (H2), and argon (Ar) were used as received from 
Air gas. Liquion solution LQ-1105 1100 EW (5 wt% Nafion) was used as received from 
Ion Power. The PIL block copolymer, poly(MMA-b-MUBIm-Br) and denoted as 
PILBCP,  was prepared according to literature and the properties can be found 
elsewhere.
171, 188
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5.2.2. Electrochemical Measurements  
 
PILBCP and Nafion coated Pt/C nanoparticle catalysts were electrochemically 
characterized in a three electrode cell with a Pt mesh (Alfa Aesar) counter electrode and a 
Ag/AgCl (BASi) reference electrode. The reference electrode was calibrated against a 
hydrogen reference and found to have an offset of 0.97 V and 0.27 V at 25 °C, for 0.1 M 
KOH and 0.1 M HClO4 respectively. All potentials listed are referenced to the reversible 
hydrogen electrode (RHE). Prior to any electrochemical experiments, all glassware was 
cleaned by soaking in a solution of concentrated 1:1 H2SO4:HNO3 for at least 8 h 
followed by rinsing and boiling in Millipore water. 
 
Pt/C thin films on glassy carbon (GC) disks (5 mm diameter, 0.196 cm
2
, HTW GmbH) 
were synthesized by drop casting from a catalyst ink in which Pt/C (40 wt% Pt, Fuel Cell 
Store HiSPEC 4000) was dispersed in H2O at a concentration of 1 mgcatalyst mL
-1
. Prior to 
loading with catalyst, the GC disks were polished to a mirror finish using progressively 
finer diamond past down to 0.05 μm (Buehler). The GC disks were then sonicated in 
Millipore water to remove contaminants. The appropriate volume (7.35 μL) of catalyst 
ink to achieve a loading of 15 μgPt cm
-2
 was pipetted onto the GC disks and dried under a 
flow of argon to form a uniform layer. Catalytic activity is directly dependent on the 
quality of the catalyst layer on the disk.
189, 190
 A similar amount (7.35 μL) of PILBCP 
solution (0.25, 0.5, and 1.0 wt% in ACN) or Nafion solution (1.0 wt% in IPA) was then 
drop cast onto the catalyst layer and allowed to dry under a flow of argon.  
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Cyclic voltammetry (CV) was accomplished in Ar purged electrolyte by cycling between 
0.18 and 1.07 V vs. RHE (Autolab PG Stat 302N) at 50 mV s
-1 
for at least 30 cycles or 
more until the CV curve reached a steady state. The polymer coated catalysts were then 
transferred to O2 saturated electrolyte for ORR activity measurements or H2 saturated 
electrolyte for HOR activity measurements. Using a Pine Instruments rotator 
(AFMSRCE), the GC disk was rotated at 1600 rpm while running linear sweep 
voltammetry from 0.18 to 1.07 V vs. RHE at 20 mV s
-1
. Ohmic iR drop was compensated 
for through the process described in ref. 191. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
121 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Chemical structure of polymerized ionic liquid diblock copolymer (PILBCP): 
poly(MMA-b-MUBIm-OH). 
 
 
 
5.3. Results and Discussion 
 
The chemical structure of the PILBCP poly(MMA-b-MUBIm-OH) used, Figure 5.1, was 
synthesized through anion exchange metathesis. The bromide form of the conducting 
PILBCP as reported in literature,
171
 poly(MMA-b-MUBIm-Br), was used to coat the Pt/C 
nanoparticles due to its favorable solubility in organic solvents compared to other 
hydrophilic ions such as bicarbonate (i.e., HCO3
-
).
188
 The uniform solution of 
poly(MMA-b-MUBIm-Br) in acetonitrile resulted in evenly distributed films of the 
PILBCP on the Pt/C nanoparticles. The PILBCP films were then ion exchanged to the 
hydroxide form, poly(MMA-b-MUBIm-OH), by cycling the potential between 0.18 and 
1.07 V vs. RHE in Ar purged 0.1 M KOH electrolyte until the CV reached steady state. 
The large excess of electrolyte in the electrochemical cell results in sufficient dilution of 
any bromides after complete anion exchange, ensuring that bromide ions do not interfere 
with electrochemical experiments.   
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Figure 5.2. Half-cell cyclic voltammograms (CVs) of Pt/C coated with various PILBCP 
thicknesses. PILBCP catalyst layer contents: 0 wt% (red), 23 wt% (blue), 41 wt% 
(green), and 57 wt% (black). CVs recorded in Ar purged 0.1 M KOH at room 
temperature with a sweep rate of 50 mV s
-1
. Loading on the glassy carbon disk in all 
cases was 15 μgPt cm
-2. Potentials were corrected for iR drop (45 Ω) within the 
electrolyte. Currents are reported as current density per geometric area of disk. Arrows 
indicate direction of increasing PILBCP thickness.   
 
 
 
Figure 5.2 contains the CVs for commercial 40 wt% Pt/C as a function of PILBCP 
content. With the addition of the PILBCP to the Pt/C film, adsorption features associated 
with hydrogen (between 0.5 and 0.1 V vs. RHE) and hydroxide/oxide (between 0.7 and 
1.0 V vs. RHE) are significantly suppressed. This depression in current is a consequence 
of the physical blocking of the platinum sites from the PILBCP, lowering the number of 
electrochemically active sites with increasing polymer content and limiting the amount of 
water and electrolyte interfaced with the Pt/C catalyst. At polymer contents beyond 41 
wt%, the CVs indicate nearly complete coverage as little to no current associated with Pt-
hydroxide/oxide formation or hydrogen underpotential deposition (HUPD) was observed. 
 
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0 0.2 0.4 0.6 0.8 1 1.2
0 wt. % PILBCP
23 wt. % PILBCP
41 wt. % PILBCP
57 wt. % PILBCP
E (V vs. RHE)
C
u
rr
e
n
t 
(m
A
 c
m
g
e
o
-2
) 
123 
 
 
 
It is important to note that no extra Faradaic processes other than those that typically 
occur on Pt, HUPD and Pt oxidation, were observed, indicating that there is no specific 
adsorption, reversible or irreversible, of ions associated with the PILBCP to the Pt 
surface. This is an expected result, yet one that is not often discussed when considering 
the advantages of AEM vs. PEM polymers and devices. Operational potentials for an 
AEMFC are mostly above the potential of zero charge for Pt regardless of pH
192
, the 
catalyst is positively charged, repelling the cations of the PILBCP and other AEM cations 
and preventing any active site blocking through the specific adsorption of ions. This is in 
contrast to PEM polymers such as Nafion where the negatively charged sulfonate head 
groups are shown to specifically adsorb onto the surface of Pt, blocking catalytic sites.
193, 
194
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Figure 5.3. Half-cell reactions for PILBCP coated Pt/C catalyst. (a) Oxygen reduction 
reaction (ORR) and (b) hydrogen oxidation reaction (HOR) for Pt/C catalyst layer with 
PILBCP contents of 0 wt% (red), 23 wt% (blue), 41 wt% (green), and 57 wt% (black). 
Curves recorded in O2 and H2, respectively, saturated 0.1 M KOH at room temperature 
with a sweep rate of 20 mV s
-1
 and a rotation rate of 1600 rpm. Loading on the glassy 
carbon disk in all cases was 15 μgPt cm
-2. Potentials were corrected for iR drop (45 Ω) 
within the electrolyte. Currents are reported as current density per geometric area of disk. 
Arrows indicate direction of increasing PILBCP thickness.   
 
Figure 5.3a contains the ORR polarization curves in O2 saturated 0.1 M KOH at room 
temperature for 40 wt% Pt/C nanoparticles as a function of PILBCP content. The 
ionomer content in AEMFCs range from 20 to 40 wt% solids, the loadings is tested in 
here (23 – 57 wt%) covers that range.45, 105, 188 ORR polarization curves can be separated 
into two regimes: (1) the diffusion limited regime (below 0.8 V vs. RHE) where the 
reaction rate surpasses the rate of transport of reactant to the catalytic surface, 
characterized by a potential independent current known as the diffusion limited current 
(Id) and (2) the mixed kinetic/diffusion limited regime (above 0.8 V vs. RHE) where 
Koutecky-Levich analysis can remove any limitations associated with reactant transport 
and extract the kinetic current density (Jk) which is directly associated with the potential 
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dependent rate of the reaction. The diffusion limited currents (Id) and mass normalized 
activities (Jk) for each PILBCP loadings are summarized in Table 5.1. Both the Id and Jk 
values for the bare Pt/C nanoparticles are similar to literature values 
195, 196
. The addition 
of PILBCP to the Pt/C nanoparticles impacts both the reaction kinetics as well as the 
diffusion limited current.  Comparing the bare Pt/C (0 wt%) to the lowest PILBCP 
content, 23 wt%, there is a decrease in Jk by 76% (0.54 to 0.13 mA μgPt
-1
) as well as a 
decrease in Id current by 3% (1.07 to 0.98 mA). These differences increase to 88% and 
42% for Jk and Id, respectively, with the highest PILBCP content of 57 wt%.  The 
relatively high initial decrease in Jk is expected as even with a low PILBCP coverage, the 
loss of Pt active sites due to physical blocking by the polymer is considerable. The 
additional decrease in Jk with increasing PILBCP content is attributed to further coating 
of available platinum sites resulting in a lower electrochemically active surface area. The 
Id is found to decrease with increasing PILBCP content as the increased content is 
manifested as both increases in Pt site coverage and thickness of the film covering the 
catalyst. A diffusional barrier is imposed by the polymer for the transport of reactant 
oxygen from the bulk electrolyte to the catalyst surface and is a function polymer content 
in the catalyst layer and consequently ionomer film thickness, resulting in a decrease in Id 
in the half-cell, as shown in Table 5.1. 
 
Figure 5.3b contains the HOR polarization curves in H2 saturated 0.1 M KOH at room 
temperature for 40 wt% Pt/C nanoparticles as a function of PILBCP content. The HOR 
diffusion limited currents (Id) for each sample are summarized in Table 5.1. The HOR Id 
value for the Pt/C nanoparticles is similar to literature values.
197
 Similar to the ORR 
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results, the addition of PILBCP to the Pt/C nanoparticles impacts the diffusion of 
reactants from the bulk electrolyte to the catalyst surface as quantified by Id in Table 5.1. 
Note, the kinetic current is not reported for the HOR as even in alkaline electrolyte, the 
activity of Pt/C nanoparticles is such that it is difficult to deconvolute the kinetic limited 
and diffusion limited regions of the polarization curve. Comparing no PILBCP (0 wt%) 
to a PILBCP loading of 23 wt%, a decrease in Id current by 4% (0.52 to 0.50 mA) is 
observed. This difference increases to 29% with the highest PILBCP loading of 57 wt%. 
Again the values of Id decrease with the increase in the wt% of PILBCP due to the 
additional diffusional resistance imparted by the ionomer coating on the Pt/C catalyst. 
The lower proportional drop in Id with PILBCP catalyst layer content for HOR in 
comparison to ORR is due to the smaller size of the H2 molecule. 
 
 
 
Table 5.1. Oxygen reduction reaction (ORR) mass activity numbers (Jk), ORR diffusion 
limited currents (Id), and hydrogen oxidation reaction (HOR) diffusion limited currents 
measured at room temperature in O2 and H2, respectively, saturated in 0.1 M KOH with a 
sweep rate of 20 mV s
-1
 and a rotation rate of 1600 rpm; catalyst loading on glassy 
carbon disk was 15 μgPt cm
-2
.  
 ORR HOR 
PILBCP [wt%] Jk [mA μgPt 
-1
]
a 
Id [mA]
b
 Id [mA]
c 
0  0.54 1.07 0.52 
23 0.13 0.98 0.50 
41 0.09 0.84 0.43 
57 0.06 0.62 0.37 
a
0.9 V vs. RHE. 
b
0.45 V vs. RHE. 
c
0.6 V vs. RHE.  
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The impact of the PILBCP AEM polymer on ORR and HOR reaction rates is obvious 
and significant as demonstrated in Figure 5.3. Considering this evidence alone, one could 
conclude that the low AEMFC performance exhibited in ref. [188] is directly related to 
the adverse impact of the PILBCP on catalyst availability/utilization (electrochemically 
active surface area) and consequently the anodic and cathodic reaction rates, resulting in 
low peak power density. However, if we conduct similar experiments with 60 wt% 
Nafion on Pt/C nanoparticles in 0.1 M HClO4, see Appendix C Figure C1(a-c) and Table 
C1, we see a similar trend where the addition of polymer to the catalyst layer results in a 
significant decrease in activity due to Pt site blocking and an increased resistance to the 
transport of reactant gases from the bulk electrolyte to the catalyst surface. Additionally, 
it has been shown that the sulfonate anion on the Nafion side chains can specifically 
adsorb to Pt, blocking active sites.
193
 Nafion is the most ubiquitously used ionomer and 
membrane used in PEMFCs
83, 178, 182, 183
 with demonstrated peak power densities greater 
than 1 W cm
-2
.
198
 In other words, Nafion adversely impacts the ORR and HOR rates to 
the same degree as the PILBCP used in this study yet PEMFCs with Nafion ionomer in 
the catalyst layer are able to operate at high power densities. The correspondence 
between the half-cell results for the PILBCP and Nafion is an indication that the observed 
impact of the ionomer on the anodic and cathodic reactions is not likely the source of low 
performance observed for the PILBCP based AEMFC tested in ref. [188]. These results 
suggest, then, that the interface between the PILBCP in the catalyst layer and the PILBCP 
AEM is likely the limiting factor. Further confirmation could be attained with detailed in-
situ electrochemical impedance spectroscopy (EIS) on the MEA in the fuel cell to 
quantify the interfacial ionic resistance. 
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5.4. Conclusions 
 
Rotating disk electrode half-cell experiments were used to determine the impact of a 
PILBCP ionomer on the ORR and HOR activity of a commercial Pt/C catalyst. CVs in Ar 
purged electrolytes indicated that the PILBCP reduced the adsorption features of both 
hydrogen (HUPD) and hydroxide/oxide (OHad/Oad) due to the physical blocking of the 
platinum sites where polymer loadings beyond 41 wt% completely covered the Pt/C 
nanoparticles. The CVs also indicated that there was no specific adsorption, reversible or 
irreversible, of ions associated with the PILBCP to the Pt surface. The addition of 
PILBCP to the Pt/C nanoparticles adversely impacted the reaction kinetics (Jk) of the 
ORR, as well as the diffusion limited current (Id) of both the ORR and HOR. A decrease 
of 88% and 42% for Jk and Id, respectively, with the highest PILBCP content of 57 wt%. 
compared to bare Pt/C nanoparticles for the ORR, while a decrease of 29 wt% for Id was 
observed in the HOR with the same PILBCP loading. Similar trends were observed with 
33 wt% and 60 wt% Nafion on Pt/C nanoparticles. While discouraging at face value, 
nearly identical half-cell reaction impact was observed with similar Nafion ionomer 
loadings in the thin film catalyst layer, yet Nafion based PEMFCs operate with peak 
power densities greater than 1 W cm
-2
.
198
 Future investigations into the improvement of 
AEMFC assembly conditions in order to reduce the interfacial resistance between the ion 
conducting species in the AEM and ionomer within the catalyst layer may lead to 
improved AEMFC performance with PILBCP based membranes and ionomers.    
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Chapter 6. Electrochemical Stability of Alkaline Exchange Polymerized Block 
Copolymer Ionomers using a Rotating Disk Electrode 
 
6.1. Introduction 
 
The (electro)chemical stability of alkaline exchange membranes (AEMs) is a critical 
hurdle to the success of alkaline exchange membrane fuel cells (AEMFCs). In this work, 
the (electro)chemical stability of the previous synthesized PIL diblock copolymer, 
poly(MMA-b-MUBIm-OH) (PILBCP), was investigated by using the rotating disk 
electrode (RDE) half-cell technique as described in the previous chapter. Using the RDE 
half-cell technique, the chemical stability can be explored under an applied potential by 
monitoring the oxygen reduction reaction (ORR) activity of a PILBCP coated 
polycrystalline platinum disk and comparing the diffusion limited current (Id) kinetic 
current density (Jk) before and after stability experiments. The effect of temperature, 
electrolyte alkalinity, applied potential holds, and potential cycling were investigated to 
determine the effect of each variable on the chemical stability of PILBCP. Results 
indicate that applied potential has a detrimental effect on the (electro)chemical stability of 
AEMs.   
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6.2. Experimental 
 
6.2.1. Materials  
 
Acetonitrile (ACN, anhydrous, 99.8%), 2-propanol (IPA, electronic grade, 99.999%), 
sulfuric acid (H2SO4, ACS reagent, 95-98%), and potassium hydroxide (KOH, 
semiconductor grade, 99.99%) were used as received from Sigma-Aldrich. Nitric Acid 
(HNO3, ACS plus, 70%) was used as received from Fisher Scientific. Millipore (Milli-Q 
Synthesis A10) water with resistivity ≈ 18.2 MΩ cm was used as appropriate. Research 
grade (99.999%) oxygen (O2), 5 vol% hydrogen (H2) in argon (Ar), and Argon (Ar) were 
used as received from Air gas. The PIL block copolymer, poly(MMA-b-MUBIm-Br) and 
denoted as PILBCP,  was prepared according to literature and the properties can be found 
elsewhere.
171, 188
 
 
6.2.2. Electrochemical Measurements   
 
PILBCP coated polycrystalline platinum (pcPt) disks (4 mm H × 5 mm D, 0.196 cm
2
) 
were electrochemically characterized in a three electrode cell with a Pt mesh (Alfa Aesar) 
counter electrode and a Ag/AgCl (BASi) reference electrode. The reference electrode was 
calibrated against a hydrogen reference and found to have an offset of 0.97 V at 25 °C for 
0.1 M KOH. All potentials listed are referenced to the reversible hydrogen electrode 
(RHE). Prior to any electrochemical experiments, all glassware was cleaned by soaking 
in a solution of concentrated 1:1 H2SO4:HNO3 for at least 8 h followed by rinsing and 
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boiling in Millipore water. Prior to use, the pcPt disk was annealed in an EASYHEAT 
induction heating system (Ambrell workhead 4.2kW; 136.5Amp) under 5 wt% H2 in Ar 
for 20 mins at glowing red condition to remove any interfacial contaminates. PILBCP 
thin films on the annealed pcPt disk were fabricated by drop casting 7.35 μL of 0.5 wt% 
PILBCP in ACN followed by drying at a rotational speed of 400 rpm to ensure uniform 
films. A film thickness of ≈1.15μm was calculated using the calculated density of 1.16 g 
cm
-3
 of PILBCP.
199
  
 
Oxygen reduction reactions (ORR) were accomplished in O2 purged electrolyte by 
cycling between 0.18 to 1.07 V vs. RHE (Autolab PG Stat 302N) at 20 mV s
-1
 and 
rotating at 1600 rpm using a Pine Instruments rotator (AFMSRCE)  for at least 30 cycles 
or more until the ORR curve reached a steady state.  Fresh 0.1 M KOH electrolyte was 
used for each experiment including the before and after stability ORR experiments. 
Ohmic iR drop was compensated through the process described in ref. [191]. Stability 
tests were accomplished by taking the PILBCP coated pcPt disk, after it was tested for 
ORR, and subjecting the PILBCP coated disk to the variety of stability tests including, 
open circuit, applied potential, and cycling (Autolab PG Stat 302N). Heated studies were 
performed by heating the electrochemical cell with a heated water circulator bath (VWR 
1140).  
 
 
 
132 
 
 
 
 
Figure 6.1. Chemical structure of polymerized ionic liquid diblock copolymer (PILBCP): 
poly(MMA-b-MUBIm-OH).  
 
 
 
6.3. Results and Discussion 
 
The chemical structure of the PILBCP, poly(MMA-b-MUBIm-OH), used in this study is 
shown in Figure 6.1 and was synthesized through anion exchange metathesis. The 
bromide form of the conducting PILBCP as reported in [171], poly(MMA-b-MUBIm-
Br), was used to coat the pcPt disk due to its favorable solubility in organic solvents 
compared to other hydrophilic ions such as bicarbonate (i.e., HCO3
-
).
188
 The uniform 
solution of poly(MMA-b-MUBIm-Br) in acetonitrile resulted in evenly distributed films 
of the PILBCP on the pcPt disk. The PILBCP films were then ion exchanged to the 
hydroxide form, poly(MMA-b-MUBIm-OH), by cycling the potential between 0.18 and 
1.07 V vs. RHE in O2 purged 0.1 M KOH electrolyte at 100 mV s
-1 
until the ORR reached 
steady state. The large excess of electrolyte in the electrochemical cell results in 
sufficient dilution of any bromide ions after complete anion exchange, ensuring that 
bromide ions do not interfere with electrochemical experiments.   
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Previous work on the chemical stability of polymerized ionic liquids (PILs) have 
determined that the imidazole moiety degrades via a ring opening mechanism which is 
triggered by the nucleophilic attack of OH
-
 on the imidazolium ring at the C2 position 
yielding formyl groups where an example of the products is shown in Figure 2c.
154, 200
   
These previous studies used 
1
H NMR to determine the stability where the PIL 
homopolymers easily dissolved in D2O. However, PIL block copolymers due not easily 
dissolve in D2O due to the non-ionic block, preventing chemical stability studies via 
1
H 
NMR. In the present study, PILBCP stability was monitored using the ORR as an 
indication of ionomer film integrity. ORR polarization curves can be separated into two 
regimes: (1) the diffusion limited regime (below 0.8 V vs. RHE) and (2) the mixed 
kinetic/diffusion limited regime (above 0.8 V vs. RHE). In the diffusion limited regime 
the reaction rate surpasses the rate of transport of reactant to the catalytic surface, 
characterized by a potential independent current known as the diffusion limited current 
(Id). In the mixed kinetic/diffusion limited regime Koutecky-Levich analysis can remove 
any limitations associated with reactant transport and extract the kinetic current density 
(Jk) which is directly associated with the potential dependent rate of the reaction. Figure 
6.2 contains hypothetical polarization curves for two expected results of the stability tests 
along with example structures for the by-products due to chemical degradation. ORR was 
used to monitor degradation due to being able to track both the diffusion limited and the 
kinetic limited regions. The black lines in Figures 6.2a and 6.2b represent the “beginning 
of life” ORR curve recorded prior to the stability test. The blue line in Figure 6.2a 
represents the expected ORR polarization curve for the PILBCP ionomer undergoing 
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ring-opening degradation. The ring opening of the charged imidazolium species in the 
ionic block of the PILBCP ionomer results in a decrease in current in both the diffusion 
limited and kinetic regions of the polarization curve. The decrease in current is due to the 
decrease in the total number of ionic sites (e.g., imidazolium rings) within the PILBCP 
coating, decreasing the conductivity of the AEM ionomer and lowering the water content 
within the ionic block of the AEM and near the catalyst surface. The reaction for ORR 
for basic conditions is given as follows: 
 
  OHeOHO 442 22                                                                                            (6.1) 
 
As indicated by reaction (6.1), a decrease in water content within the ionomer film and at 
the catalyst interface will decrease the ORR rate, affecting the kinetic region of the 
polarization curve. The decrease in water content will also lower the product hydroxide 
conductivity of the film and low reactant O2 transport from the bulk electrolyte to the 
catalytic surface. An additional mechanism of ionomer degradation can operate 
independently or in parallel with imidazolium ring opening. This second mechanism 
operates through the hydrolysis degradation of the carboxylate ester linkage of the 
methacrylate-based PIL backbone under alkaline conditions as shown in Figure 6.2d. 
Previous research has suggested ester hydrolysis of a PIL homopolymer, poly(MEBIm-
OH), occurs after the ring-opening mechanism of the butylimidazolium cation, as ring-
opening imidazolium were present in both the covalently attached (non-hydrolyzed) and 
cleaved (hydrolyzed) forms.
154, 200
 Previous research has also suggested that the non-ionic 
block in the PILBCP, poly(methyl methacrylate) (PMMA), can undergo hydrolysis with 
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up to ≈9% of the monomer units susceptible.201  Figure 6.2b contains hypothetical ORR 
polarization curves for the ester-hydrolysis degradation of the PILBCP ionomer. As 
previously stated, the ester hydrolysis happens after ring-opening, however, if ester 
hydrolysis is present then an increase in current in the ORR, both in the kinetic and 
diffusion limited regions of the polarization curve, (red line Figure 6.2b) will be seen. 
The increase in current is due to the exposure of platinum sites (i.e., no PILBCP 
resistance) to the electrolyte as a consequence of the physical decomposition of the 
ionomer film, increasing the ORR reaction rate. As shown in Figure 6.2d, the ester 
hydrolysis completely removes the imidazolium moiety causing large voids in the 
PILBCP film allowing the increase in current in addition to the decomposition of the 
PMMA backbone. These two mechanisms: decreased current due to ring-opening and 
increased current due to ester-hydrolysis in the ORR are what are used to provide insight 
into the potential and chemical degradation of PILBCP ionomer interfaced with a Pt 
electrocatalyst.  
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Figure 6.2. ORR example before and after stability experiments (a,b) and example 
chemical structures (c,d) of (a,c) ionic site degradation due to ring opening and (b,d) 
polymer back degradation due to hydrolysis. Arrows indicate direction of ORR curve 
after degradation.  
 
 
 
Figure 6.3 contains the before and after ORR polarization curves for three stability 
experiments: (a) open circuit potential (OCP) (i.e., no applied potential) for 24 hours, (b) 
0.9 V vs. RHE for 72 hours, and (b) 1.15 V vs. RHE for 72 hours. All open circuit and 
constant potential tests were run in 0.1 M KOH at room temperature and the performance 
metrics for the ORR polarization curves including diffusion limited current (Id) and 
surface area normalized activities (Jk) are listed in Table 6.1. It is noted that the initial 
ORR polarization curves, recorded with fresh PILBCP films cast with identical 
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conditions, indicate a certain degree of variability, Table 6.1. This variability is likely due 
to inherent inconsistencies in the casting process resulting in small variations in the cast 
film morphology on the pcPt disk. PILBCP is a block copolymer with lamellar 
morphology
199
 and therefore can align with the PMMA region (non-conducting block) 
parallel to the Pt surface blocking active sites causing a fluctuation in the Id and Jk values. 
However, the morphology of the PILBCP films on the pcPt is out of the scope of this 
study and this variability is accounted for by looking at the change, Δ, in the ORR 
performance metrics, Id and Jk. 
 
As a control experiment, to account of chemical degradation at room temperature in 0.1 
M KOH, the ionomer film was rested at OCP for 24 hours; the ORR polarization curves 
are shown in Figure 6.3a. The tabulated results in Table 6.1 indicate a percent change of 
Id of only 1.3% while Jk increased by 22.3%.  The increase in Jk may be due to increased 
water absorption throughout the experiment improving the boundary layer between the 
PILBCP film and the Pt surface. The negligible difference in the Id and small change in Jk 
suggests that no chemical degradation occurs over the 24 h time period. Ye et al.
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reported the chemical stability of a polymerized ionic liquid (PIL) homopolymer, poly(1-
[(2-methacryloyloxyethyl]-3-butylimidazolium hydroxide) (poly(MEBIm-OH), where it 
was stable under mild alkaline conditions ([KOH] < 1 M) with no chemical degradation 
at 25 °C. This PIL homopolymer is similar to the PIL block in PILBCP where the only 
difference is the alkyl side chain spacer between the polymer backbone and the imidazole 
moiety. Therefore, the control results with no degradation are consistent with literature.  
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In order to determine if applied potential effects the chemical stability, constant potential 
studies were performed in 0.1 M KOH at room temperature for 72 hours, Figures 6.3b 
and 6.3c. These two potentials were chosen as 0.9 V is the potential where fuel cells 
typically would idol if used in a vehicle and 1.15 V is the upper limit for normal fuel cell 
load cycling.
202
 Similar to the control experiments negligible differences were observed 
for the Id and Jk values for the ORR curves when comparing before and after stability 
indicating that applied potential in the form of potential holds do not degrade the PILBCP 
ionomer.  
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Figure 6.3. ORR before and after stability experiments in 0.1 M KOH at (a) open circuit 
for 24 h, (b) 0.9 V for 72 h, and (c) 1.15 V for 72 h. 
 
 
 
Assessment of the chemical stability of AEM has shown that temperature, in addition to 
hydroxide concentration, greatly affects cationic polymer degradation, enhancing the rate 
and severity of the decomposition.
154, 200
 Figure 6.4 shows the ORR polarization results 
for the effect of temperature and hydroxide concentration on PILBCP stability at an 
increased temperature of 60 °C held at OCP for 24 h.  Chemical stability tests are 
performed at higher temperatures (e.g., 60 to 80 °C) to better resemble alkaline fuel cell 
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(AFC) conditions, as well as to speed up the degradation. A clear change in ORR activity 
is observed in Figure 6.4a after exposure to 0.1 M KOH for 24 at OCP and 60 °C. An 
increase in the Id and Jk of 3.9% and 119.9% were observed, respectively, which is 
indicative of ester-hydrolysis and breakdown of both the conducting and non-conducting 
blocks of the PILBCP ionomer. This polymer breakdown resulted in the exposure of 
additional Pt active sites and created pathways through the ionomer film for the transport 
of O2 and water, leading to the increased Id and Jk. A recent study by Meek et al.
203
 
investigated the chemical stability of the same PIL homopolymer, poly(1-[(2-
methacryloyloxyundecyl]-3-butylimidazolium hydroxide) (poly(MUBIm-OH), as the PIL 
block in PILBCP at slightly harsher conditions of 80 °C and 0.5 M KOH where it was 
determined that there was no degradation due to ring-opening of the imidazolium moiety, 
but the polymer degraded via ester-hydrolysis by 16.8% calculated by 
1
H NMR. The 
results are consistent with each other, indicating that PIL degradation predominately 
occurs via ester hydrolysis at higher temperature. Figure 6.4b shows the ORR results for 
the stability experiment at 60 °C in 0.01 M KOH for 24 h where negligible degradation 
was observed. Taken together, the results presented in Figure 6.4a and 6.4b indicate that 
temperature is not the only variable affecting the chemical stability and hydroxide 
concentration also plays a significant role in any degradation mechanism. Previous 
stability studies have reported similar results at high temperature (80 °C) with low KOH 
concentration (0.05 M) and low temperature (30 °C) with high KOH concentration (0.5 
M).
200
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Figure 6.4. ORR before and after stability experiments for 24 h at 60 °C in (a) 0.1 M 
KOH and (b) 0.01 M KOH 
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Table 6.1. Oxygen reduction reaction (ORR) mass activity numbers (Jk) and diffusion 
limited currents (Id) measured at room temperature in O2 saturated in 0.1 M KOH with a 
sweep rate of 20 mV s
-1
 and a rotation rate of 1600 rpm.   
 ORR Before ORR After  Percent Change 
(%) 
Experiment Jk
a
  Id
b
  Jk
a
 Id
b
  Jk
a
 Id
b
 
0.1 M KOH, OCV, 
24 h 
0.413 0.603 0.505 0.611 22.3 1.3 
0.1 M KOH, 0.9 V, 
72 h 
0.444 0.502 0.482 0.505 8.6 0.6 
0.1 M KOH, 1.15 
V, 72 h 
0.429 0.68 0.444 0.68 3.5 0.0 
0.1 M KOH, OCV, 
24 h, 60 °C 
0.246 0.712 0.541 0.74 119.9 3.9 
0.01 M KOH, 
OCV, 24 h, 60 °C 
0.383 0.665 0.363 0.662 -5.2 -0.5 
0.1 M KOH,       
0.37 V to 0.97 V, 
3000 cycles 
0.26 0.75 0.13 0.71 -50.0 -5.3 
0.5 M KOH,       
0.37 V to 0.97 V, 
1250 cycles 
0.276 0.56 0.474 0.58 71.7 3.6 
0.1 M KOH,       
0.37 V to 1.38 V, 
3000 cycles 
0.475 0.617 0.344 0.432 -27.6 -30.0 
a
mA cmPt 
-2
 at 
 
0.9 V vs. RHE. 
b
mA at 0.45 V vs. RHE.  
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Figure 6.5. ORR before and after stability experiments of (a,b) cycling 0.37 V to 0.97 V 
at 50 mV s
-1
 in 0.1 M KOH  for (a) 3000 cycles in 0.1 M KOH and (b) 1250 cycles in 0.5 
M KOH and (c) cycling 0.37 V to 1.38 V at 50 mV s
-1
 in 0.1 M KOH  for 3000 cycles.   
 
 
 
In addition to producing power at constant potential, all AEMFC components must 
remain stable during load cycling as constant changes in demand will result in repeated 
potential cycling between ≈0.3 V and ≈1 V. The AEMFC electrodes may even see 
potentials as high as 1.4 V during fuel cell stop-start cycles. In Figure 6.5 is displayed the 
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results for the stability analysis as a function of potential cycling, hydroxide 
concentration and upper potential limit. Figures 6.5a and 6.5b show the ORR polarization 
results for an ionomer film subjected to potential cycling to an upper limit of ≈1 V for 
3000 cycles in 0.1 M and 0.5 M KOH respectively. In 0.1 M KOH, the Id decreased by 
5.3% with Jk decreasing by 50.0% indicating that there is ring-opening degradation. The 
decrease in both Id and Jk are caused by a decrease in the water content within the ion 
conducting channels resulting in decrease OH
-
 conductivity and slowed O2 transport. This 
result was unexpected as no degradation was observed in the constant potential studies 
(Figure 6.3). Cycling the potential with oxygen present in the electrolyte causes a 
variation in the local hydroxide ion concentration at the platinum surface and within the 
PILBCP film which may lead to the increased degradation. Increasing the hydroxide 
concentration with the 0.5 M KOH electrolyte, Figure 6.5b, leads to an increase in Id and 
Jk in contrast to what is observed at lower hydroxide concentration, Figure 6.5a. Cycling 
at the higher KOH concentration causes ester-hydrolysis to occur to the PILBCP 
indicated by the increase in Id and Jk by 3.6% and 71.6%, respectively. To further 
determine the effect of cycling potential on AEM ionomer stability, a higher upper 
potential limit, 1.38 V, was tested and the ORR polarization results are shown in Figure 
6.5c. The higher potential limit is characteristic of a fuel cell start/stop operation where 
voltages greater than 1.4 V can be observed.
202
 Figure 6.5c shows a clear change in the 
ORR results indicative of ring-opening degradation where there is a decrease in Id and Jk 
by 30.0% and 27.6%, respectively. It is likely that the higher potentials can physically 
oxidize the PILBCP on the surface; however, further study is needed to determine the 
true mechanism of high potential ionomer degradation. Future efforts will incorporate 
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additional ex situ and in situ characterization techniques, such as 
1
H NMR and FTIR-
ATR to track the chemical change in the PILBCP as a function of applied potential, 
potential cycling, temperature, and hydroxide concentration to quantitatively assess the 
degradation mechanism(s). 
 
6.4.Conclusions 
 
Rotating disk electrode half-cell experiments were used to determine the chemical 
stability of PILBCP on a polycrystalline Pt disk by monitoring the change in the diffusion 
limited current (Id) and the reaction kinetics (Jk) of the ORR. Applying a constant 
potential (OCP, 0.9 V and 1.15 V) in 0.1 M KOH yielded no effect on the integrity of the 
PILBCP ionomer thin film. Increasing the temperature to 60 °C and testing the OCP in 
0.1 M KOH resulted in an increase in both Jk and Id suggesting that ester hydrolysis of the 
PILBCP backbone was the main source of degradation, while no observable degradation 
was found when the hydroxide concentration was reduced by a factor of 100. Ester 
hydrolysis causes an increase in Jk and Id  by physically exposing Pt surface which may be 
due to the formation of holes in the ionomer film. Cycling the potential under normal fuel 
cell operating conditions (0.37 to 0.97 V) in 0.1 M KOH caused a decrease in both Jk and 
Id indicating ring-opening degradation. Further losses in ORR activity were observed 
when cycling to a higher upper potential limit of 1.15 V, simulating start/stop fuel cell 
operating conditions.  Ring-opening degradation causes a decrease in the total number of 
ionic sites resulting in lower water uptake within the film and decreasing the hydroxide 
conductivity of the film. Increasing the KOH concentration to 0.5 M KOH and cycling 
the potential under normal fuel cell operating conditions lead to an increase in the Jk and 
146 
 
 
 
Id values. The higher hydroxide concentration, pH, caused ester hydrolysis in parallel to 
ring-opening degradation, together causing deformations in the ionomer film and 
exposing more Pt sites. Presented here, for the first time, is evidence that applied 
potential, in the form of load cycling, plays a role in the chemical/electrochemical 
stability of AEM ionomers, suggesting that design strategies should take this into account 
as a potential source of material failure. Future investigations into the impact on the 
change of potential is therefore needed to improve the chemical stability of AEMs where 
combining characterization techniques, such as 
1
H NMR and FTIR-ATR with the 
technique described here is needed to fully understand the chemical/electrochemical 
degradation mechanisms and devise mitigation solutions.  
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Chapter 7. Polymerized Ionic Liquid Diblock Copolymer as Solid-State 
Electrolyte and Separator in Lithium-Ion Battery 
 
7.1. Introduction 
 
Recently, solid polymer electrolytes (SPEs) have been explored as solid-state ion 
conducting electrolytes and separators in lithium-ion batteries due to their improved 
flammability safety compared to traditional liquid electrolytes.
204-206
 To date, there are 
only a few reports of PILs as solid-state electrolytes and separators in batteries, where the 
PIL SPE typically consists of a mixture of lithium salt and IL imbibed in the film.
126, 129, 
132, 158-160
 Most of these studies have examined PIL homopolymers, where an IL monomer 
is polymerized using free-radical polymerization to produce a PIL as the SPE. However, 
the use of homopolymers can lead to battery failure over time due to the low mechanical 
properties of some homopolymers. Currently, there are no reports of a PIL diblock 
copolymer as the electrolyte and separator in a lithium-ion battery with performance. 
Therefore, the synthesis of a PIL diblock copolymer is desired to obtain the high room 
temperature conductivity (>1 mS cm
-1
) and mechanically robust solid-state films needed 
as the electrolyte and separator in a lithium-ion battery.  
 
In this work, a PIL diblock copolymer, poly(MMA-b-MUBIm-Br) (denoted as PILBCP-
Br), was synthesized via the reverse addition fragmentation chain transfer (RAFT) 
polymerization technique at a single composition  (20.0 mol% PIL) and then was 
subsequently ion exchanged to the  bis(trifluoromethane)sulfonamide (TFSI¯) form, 
poly(MMA-b-MUBIm-TFSI) (denoted as PILBCP-TFSI). PILBCP-TFSI was then 
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imbibed with a 1.0 M mixture of LiTFSI in EMIm-TFSI (denoted as Li-TFSI/EMIm-
TFSI) to produce the lithium-conducting PILBCP SPE (denoted as PILBCP-TFSI + 
LiTFSI/EMIm-TFSI). The glass transition temperatures, thermal degradation 
temperature, and ionic conductivity of the new PILBCP-TFSI and PILBCP-TFSI + 
LiTFSI/EMIm-TFSI SPEs were measured. The morphology was invested using small 
angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). The 
electrochemical stability and lithium-ion battery performance of PILBCP-TFSI + 
LiTFSI/EMIm-TFSI as the solid-state electrolyte and separator were investigated. To our 
knowledge, this is the first report of lithium-ion battery performance of a PIL block 
copolymer. 
 
7.2. Experimental 
 
7.2.1. Materials 
 
Acetonitrile (anhydrous, 99.8%), bis(trifluoromethane)sulfonamide lithium salt (Li-TFSI, 
99.95%),  1-methyl-2-pyrrolidinone (NMP; anhydrous, 99.5%), platinum foil (Pt; 0.125-
0.135 mm, 99.99%), and silver foil (Ag; 0.5 mm, 99.99%) were used as received from 
Sigma-Aldrich. 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIm-
TFSI, >99%) was used as received from Iolitec. Lithium titanate (Li4Ti5O12; >98%), 
conductive graphite (≥99.98%), polyvinylidene fluoride (PVDF; ≥99.5), and lithium 
cobalt oxide (LiCoO2) pre-coated Al current collector (single sided) were used after 
drying at 100 °C under vacuum for 12 h from MTI Corporation. CR2032 Coin Cell Cases 
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(20 mm D × 3.2 mm T) with O-rings for battery research, stainless steel spacer for 
CR2032 Cell (15.5 mm D × 0.5 mm T), stainless steel wave spring for CR2032 Case 
were used as received from MTI Corporation. Ultrapure deionized (DI) water with 
resistivity ≈16 MΩ cm was used as appropriate. The polymerized ionic liquid (PIL) 
diblock copolymer, PILBCP-TFSI, was synthesized by anion exchange from its precursor 
form, PILBCP-Br, which was prepared according to literature and is described below.
171, 
188
 
 
7.2.2. Synthesis of PIL diblock copolymer: PILBCP-TFSI 
 
Imidazolium-based PIL diblock copolymer, poly(methyl methacrylate-block-1-[(2-
methacryloyloxy)undecyl]-3-bromide (referred to as PILBCP-Br), was used as the 
precursor polymer in this study (left structure in Figure 7.1) and was synthesized 
previously from an ionic liquid monomer, 1-[(2-methacryloyloxy)undecyl]-3-
butylimidazolium bromide (MUBIm-Br), and a non-ionic monomer, methyl methacrylate 
(MMA), via the reverse addition fragmentation chain transfer (RAFT) polymerization 
technique.
171, 188
 Herein, this PIL block copolymer is reported at a single PIL composition 
of 20.0 mol%, in which its synthesis and characterization were previously described in 
detail in literature.
188
 The bis(trifluoromethylsulfonyl)imide (TFSI
–
)-exchanged PIL 
diblock copolymer, PILBCP-TFSI, used in this study, was prepared via ion exchange 
metathesis of the precursor PIL diblock copolymers, PILBCP-Br, as shown in Figure 7.1. 
This exchange was performed in the solid state (films; see section 7.2.3. for details on 
film casting procedure). Figure 7.1 provides details of the ion exchange metathesis, 
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where films were placed in a well-mixed 0.1 M Li-TFSI aqueous solution for 12 h. The 
Li-TFSI solution was replaced with a freshly prepared solution every 4 h and repeated 3 
times. The TFSI
–
-exchanged films were then soaked in fresh DI water for 30 min and 
repeated 3 times to remove excess TFSI
–
 anions. Residual water was removed by drying 
under vacuum at room temperature for 24 h. Figure 7.2a shows a picture of a solid-state 
film of PILBCP-TFSI after anion exchange metathesis. Elemental Analysis (EA) Calcd: 
C, 51.1; H, 6.9; N, 3.8; F, 10.4; S, 5.8; Br, 0.0. Found: C, 51.9; H, 7.4; N, 4.9; F, 8.6; S, 
5.0; Br, 0.0.  
 
 
 
 
(1) 0.1 M Li-TFSI in H2O, room temp., 24 h; (2) 1.0 M Li-TFSI in EMIm-TFSI, room 
temp., 8h. 
 
Figure 7.1. Synthesis of PILBCP-TFSI + Li-TFSI/EMIm-TFSI
 
  
 
 
 
7.2.3. Solvent casting of PIL block copolymer films 
 
Films of the precursor PIL block copolymer, PILBCP-Br, were fabricated by first 
dissolving the polymer in anhydrous acetonitrile (4 wt% w/w) and subsequently casting 
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onto Teflon substrates (ca. 18 mm (D) × 0.525 (T)) for lithium-ion battery experiments 
and Teflon substrates (ca. 35 mm (L) × 4 mm (W) × 0.525 mm (T)) for thermal 
experiments. Polymer solutions were partially covered and allowed to evaporate under 
ambient conditions for 24 h. The polymer films were subsequently annealed under 
vacuum at 150 °C for 72 h. These annealed films were anion exchanged to the TFSI
– 
form, PILBCP-TFSI, according to the procedure described above. The film thicknesses, 
ranging from 35 to 100 μm, were measured with a Mitutoyo digital micrometer (±0.001 
mm accuracy). 
 
 
 
 
Figure 7.2. Image of ≈50 μm thick of (a) PILBCP-TFSI and (b) PILBCP-TFSI + Li-
TFSI/EMIm-TFSI solid-state films.  
 
 
 
7.2.4. Preparation of PILBCP-TFSI + Li-TFSI/EMIm-TFSI solid-state films 
 
The dried films of PILBCP-TFSI were then immersed in a 1.0 M Li-TFSI in EMIm-TFSI 
(Li-TFSI/EMIm-TFSI) solution for 12 h at room temperature (see Figure 7.1 The 
resulting film, PILBCP-TFSI + Li-TFSI/EMIm-TFSI, was removed from the Li-
TFSI/EMIm-TFSI solution and excess Li-TFSI/EMIm-TFSI was removed from the 
surface using a lint-free cloth. Films were then dried under vacuum at room temperature 
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for 24 h before use. The final film contained on average 67 ± 5 wt% Li-TFSI/EMIm-
TFSI and is shown in Figure 7.2b. 
 
7.2.5. Preparation of lithium-ion batteries with PILBCP-TFSI + Li-TFSI/EMIm-
TFSI film as solid-state electrolyte and separator   
 
Al current collector coated (single sided) with lithium cobalt oxide (LiCoO2) was used as 
the positive electrode (cathode). Loading of the active material was approximately 12.6 
mg cm
-2
 corresponding to a theoretical capacity of 1.86 mAh cm
-2
. The negative 
electrode (anode) was prepared by spreading a mixture of Li4Ti5O12, conductive graphite, 
and PVDF with a weight ratio of 8:1:1 dissolved in NMP onto a Cu current collector 
using an adjustable film applicator (MTI Corp.). The film thicknesses, ranging from 20 to 
30 μm, were measured with a Mitutoyo digital micrometer (± 0.001 mm accuracy). The 
cathode was allowed to dry overnight and then placed under vacuum at 80 °C for 2 h 
before use. Loading of the active material was approximately 0.64 mg cm
-2
 
corresponding to theoretical capacity of 0.10 mAh cm
-2
 and the electrode was used 
without any additional preparation or pressing. The anode was the limiting electrode 
(theoretical capacities: cathode = 1.86 mAh cm
-2
, anode = 0.10 mAh cm
-2
). 
Li4Ti5O12/LiCoO2 polymer batteries were fabricated (in an argon-purged glove box; 
MBraun LABstar, H2O <0.7 ppm) by laminating the LiCoO2 positive electrode with a ca. 
50 μm film of PILBCP-TFSI + Li-TFSI/EMIm-TFSI and then adding the Li4Ti5O12 
negative electrode as shown in Figure 7.3. Cells were pressed twice using an electric coin 
cell crimping machine (MTI Corp., MSK-160D) under argon environment at room 
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temperature to ensure a proper seal was established. Additional Li-TFSI/EMIm-TFSI (≈5 
μL) was added to each electrode during assembly to ensure there was a sufficient amount 
dispersed throughout the electrodes and in the cell. Assembled cells were held at open 
circuit voltage (OCV) for 12 h prior to testing to ensure even distribution of Li-
TFSI/EMIm-TFSI throughout electrodes.   
 
 
 
 
 
Figure 7.3. Schematic showing configuration of lithium-ion coin cell battery with 
PILBCP-TFSI + Li-TFSI/EMIm-TFSI as solid-state separator.   
 
 
 
7.2.6. Characterization 
 
Polymer films were characterized using an FTIR-ATR spectrometer (Nicolet 6700 Series, 
Thermo Electron Corporation) with spectra collected using the single reflection diamond 
ATR Golden Gate
TM
 accessory. All infrared spectra were collected using a liquid 
nitrogen-cooled mercury-cadmium-telluride detector at 32 scans per spectrum and a 
Anode (-) case
LiCoO2 on Al cathode  
Cathode (+) case
Li-TFSI/EMIm-TFSI
Li-TFSI/EMIm-TFSI
Li4Ti5O12 on Cu anode  
S.S. spring 
3x S.S. spacer 
PILBCP-TFSI
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resolution of 4 and data spacing less than 2 cm
-1
. All spectra were corrected with a 
background subtraction of the ATR crystal spectrum. Glass transition temperatures (Tgs) 
were determined by differential scanning calorimetry (DSC; TA instruments Q200) over 
a temperature range of -115 to 150 °C at a heating/cooling rate of 10 °C/min under a N2 
environment using a heat/cool/heat method. Tg was determined using the midpoint 
method from the second thermogram heating cycle. Thermal degradation temperatures 
(Tds) were measured by thermal gravimetric analysis (TGA; TA Instruments, Q50) over a 
temperature range of 30 to 500 °C at a heating rate of 10 °C/min under argon 
environment. Td was determined at 5 wt% mass loss in the thermogram. Elemental 
analysis was performed by Atlantic Microlab, Inc., Nocross, GA.  
 
The ionic conductivities and linear voltammetry of the polymer films were measured in 
an argon-purged glovebox with custom-made cells Princeton Applied Research, Parstat 
2273 (POWERSUITE software). In-plane conductivity was measured using a four-
parallel-electrode method with two outer working electrodes and two inner sensing 
electrodes placed on the same side of the sample, where an alternating current was 
applied to the outer electrodes and the real impedance or resistance, R, was measured 
between the two inner electrodes. The alternating current impedance was collected from 
0.1 Hz to 1 MHz at 500 mV. The resistance was determined from the high x-intercept of 
the semi-circle regression of the Nyquist plot. Conductivity was calculated by using the 
following equation: σ = L/AR, where L is the distance between two inner electrodes and A 
is the cross-sectional area of the polymer film or electrolyte (A = Wl; W is the width and l 
is the thickness). Temperature-dependent ionic conductivity was measured with the use 
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of a Mettler Toledo hot stage with a temperature accuracy of less than 0.1 °C. In the 
linear voltammetry scan Ag foil was used as the references and counter electroedes, and 
Pt foil was used as the working electrodes. The voltage was scanned from -2.4 to 3.3 V 
vs. Ag
+
/Ag with a scan rate of 5 mV s
-1
. The Ag pseudo-reference electrode in EMIm-
TFSI has been previously calibrated to +3.2 V Li
+
/Li with a butyl-ferrocene/ferricinium 
redox couple.
207
 Therefore, the same value (+3.2 V Li
+
/Li) was used to reference Ag to 
Li
+
/Li in this work. Cycling tests on Li4Ti5O12/LiCoO2 coin cell polymer batteries were 
performed at room temperature using a MACCOR S4000 battery tester. The discharge 
and charge rates were fixed at a C/10 (0.014 mA cm
-2
) current rate. The charge and 
discharge voltage cut-offs were fixed at 2.5 V and 2.0 V, respectively. 
 
Small-angle X-ray scattering (SAXS) data was collected at the U.S. Army Research 
Laboratory using a 2-D multi-wire area detector (Molecular Metrology) and a 3 m, 
pinhole-collimated camera. Photons, with a wavelength of 1.54 Å, were generated, using 
an Ultrax18 rotating copper anode X-ray generator (Rigaku Americas, Inc.), operated at 
4.5 kW and equipped with a Ni filter. 2-D data were collected at sample-to-detector 
distances of 1.5 and 0.5 m, and then azimuthally averaged to yield intensity, I(q), as a 
function of scattering vector magnitude, q, where q = 4π sin(θ)/λ, 2θ is the scattering 
angle, and λ is wavelength. Distance calibrations were performed using silver 
behenate.
208
 The data were corrected for background noise and scaled to absolute 
intensity using glassy carbon, previously calibrated at the Advanced Photon Source, 
Argonne National Laboratory, as a secondary standard.
209
 All data manipulation and 
analysis were performed using Igor Pro (Wavemetrics, Inc.).
210
 Samples were prepared 
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for transmission electron microscopy (TEM) by ultracryomicrotomy (Leica UCT) 
equipped with a cryogenic cooling stage. Samples were cut in sections of approximately 
90 nm thick using a Microstar diamond knife and were cooled to -10 °C prior to 
sectioning. A JEOL JEM-2100F TEM and a Gatan 806 high-angle annular dark field 
scanning TEM (HAADF STEM) detector were used to collect dark field data. The TEM 
was operated at 200 keV, with a 40 μm condenser aperture, a HAADF STEM collection 
angle of 48 to 168 mrad, and spot size of 0.2 nm. A Gatan Digital Micrograph was used 
to collect and analyze the data. In dark field images, high Z regions appear bright and low 
Z regions appear dark. 
 
7.3. Results and Discussion 
 
7.3.1. Chemical and Thermal Properties  
 
The synthesis of the PIL block copolymer, PILBCP-TFSI, as shown in Figure 7.1 was 
achieved via anion exchange metathesis, which converts the polymer to 
bis(trifluoromethane)sulfonamide (TFSI
-
) form. Previously, PILs that are exchanged with 
TFSI
¯
 anions exhibit high hydrophobicity and high ionic conductivity (due to low glass 
transition temperatures), which are both important for lithium-ion battery applications.
75
 
Elemental analysis results quantitatively confirm a complete anion exchange of the 
polymer from Br
-
 to TFSI
-
 form, where no measureable bromide was present in the 
PILBCP-TFSI sample. FTIR-ATR spectra also confirm anion exchange (shown in Figure 
7.4). The anion exchange reaction was confirmed by the observance of three additional 
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characteristic infrared bands at 1350 1134, and 1055 cm
-1
, which were due to the 
contributions of the TFSI
-
 anion and are consistent with literature.
211, 212
 The bands at 
1350 and 1134 cm
-1
 correspond to the SO2 antisymmetric and symmetric stretching, 
respectively, and the band at 1055 cm
-1
 corresponds to a S-N-S antisymmtetic stretching, 
C-C stretching, and NCH3 twisting. Note that at ambient conditions, there appears to be a 
small amount of water in the precursor polymer, PILBCP-Br, as evidenced by that O-H 
stretching band at 3407 cm
-1
. This was expected due to the hydroscopic nature of PILs 
exchanged with halide counter anions. After anion exchange to the TFSI
¯
 form, the 
FTIR-ATR spectra of PILBCP-TFSI shows no noticeable bands that are associated with 
water suggesting that there is a negligible amount of water in the sample.  
 
 
 
 
Figure 7.4.  FTIR-ATR spectra of PILBCP-Br (black) and PILBCP-TFSI (red). Spectra 
offset for clarity. 
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PILBCP-TFSI was then immersed in a solution of 1.0 M Li-TFSI in EMIm-TFSI (Li-
TFSI/EMIm-TFSI). The addition of Li-TFSI/EMIm-TFSI to the PILBCP-TFSI solid-
state electrolyte can lower the glass transition temperature of the film or act as a 
plasticizer, thereby improving the ionic conductivity, while also providing a source of Li
+
 
ions that are required for Li
+
-ion batteries. The addition of the Li-TFSI/EMIm-TFSI and 
its concentration were chosen based on promising room temperature conductivity and 
Li
+
-ion battery performance shown by Garcia and coworkers.
207
 The resulting films of 
PILBCP-TFSI + Li-TFSI/EMIm-TFSI, used as solid-state electrolytes and separators in 
Li
+
-ion coin cells in this study, contained on average 67 ± 5 wt% of Li-TFSI/EMIm-TFSI 
imbibed within the PILBCP-TFSI film.  
 
Figure 7.5a shows the glass transition temperatures (Tgs) measured by DSC of the 
PILBCP-TFSI films with and without Li-TFSI/EMIm-TFSI. Only one distinct Tg was 
observed for PILBCP-TFSI at 29 °C and after the addition of Li-TFSI/EMIm-TFSI, this 
Tg depresses (as predicted) by over 100 °C to -84 °C, which is close to the pure 
component Tg of EMIm-TFSI (-98 °C).
213
 It is interesting to note that the precursor 
PILBCP-Br has two distinct Tgs at 23 °C and 124 °C, where a Tg at 23 °C corresponds to 
the pure PIL, poly(MUBIm-Br), and a Tg at 124 °C corresponds to the pure poly(MMA). 
This suggests strong microphase separation in PILBCP-Br, which was supported by TEM 
and SAXS results in a previous study.
171
 The lack of two distinct Tgs in Figure 7.5a for 
PILBCP-TFSI suggests that the anion exchange methathesis from Br
¯
 to TFSI
¯
 may 
enhance the interaction between the PMMA and PIL blocks.
144, 214
 Ye et al.
79
 showed that 
in a similar PILBCP, poly(MMA-b-MEBIm-TFSI), where the alkyl side chain length 
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between the polymeric backbone and the imidazole moiety in the PIL block is shorter 
(ethyl compared to undecyl in this study), that the block copolymer still exhibited two Tgs 
for the PIL and poly(MMA) blocks, but these Tgs deviate from their corresponding 
homopolymer Tgs suggesting that the PIL, poly(MEBIm-TFSI), is partially miscible with 
poly(MMA), which was supported by TEM and SAXS results in that study. It is unclear 
why two Tgs are not present in the DSC data in this study for PILBCP-TFSI. The DSC 
data of ion-containing polymers can sometimes be unclear and a more accurate 
determination of thermal transition temperatures may be observed more clearly by other 
techniques (e.g., dynamic mechanical analysis).
215
 
 
 
 
 
Figure 7.5. (a) DSC and (b) TGA thermograms of PILBCP-TFSI (red) and PILBCP-
TFSI + Li-TFSI/EMIm-TFSI (blue). 
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Figure 7.5b shows the thermal stability of the samples characterized by TGA under an 
argon environment. The thermal decomposition temperatures (Tds) measured at 5 wt% 
loss for PILBCP-TFSI had a slightly lower Td (319 °C) than PILBCP-TFSI + Li-
TFSI/EMIm-TFSI (350 °C). Both samples undergo a one-step thermal decomposition 
where this decomposition is similar to the Td of poly(vinylimidazole) (335 °C).
216
 The 
slight increase in Td with the addition of Li-TFSI/EMIm-TFSI is due to the additional 
TFSI
¯
 anions, which are difficult to thermally decompose due to degradation via sulfur 
dioxide release instead of dealkylation or proton transfer.
217
 Also, no weight loss was 
observed below 100 °C, indicating that these PILBCPs are highly hydrophobic and do 
not appreciably absorb moisture.  
 
7.3.2. Ion Conductivity  
 
Figure 7.6 shows the temperature-dependent (25 to 105 °C) ionic conductivity under dry 
conditions (in argon glove box) for PILBCP-TFSI, PILBCP-TFSI + Li-TFSI/EMIm-
TFSI, and Li-TFSI/EMIm-TFSI. The ionic conductivity of Li-TFSI/EMIm-TFSI is 
shown as a control reference and has similar values as reported in literature.
207
 As 
expected, the ionic conductivity of PILBCP-TFSI increased by 1.5 orders of magnitude 
with increasing temperature from values on the order of 0.3 S cm-1 at 25 °C to values 
higher than 1 S cm-1 at 105 °C. The temperature-dependent ionic conductivity in 
PILBCP-TFSI is dictated by the segmental dynamics of the polymer chains or polymer 
Tg (i.e., Volgel-Fulcher-Tammann (VFT) behavior with temperature). Note the ion 
conductivity of PILBCP-TFSI is orders of magnitude lower than the IL, e.g., 9.9 mS cm
-1
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at 25 °C for 1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide (BMIm-
TFSI).
218
 In contrast to the IL, PILBCP-TFSI is a single ion conductor, where the TFSI¯ 
counter anion is the only mobile ion (the imidazolium cation is covalently attached to the 
polymer) and the movement of the TFSI¯ anion is restricted by the polymer chain 
dynamics of PILBCP-TFSI, thereby decreasing the ion conductivity compared to the IL, 
where both anion and cation are highly mobile.  
 
 
 
 
Figure 7.6. Temperature-dependent dry ionic conductivity of PILBCP-TFSI (red), 
PILBCP-TFSI + Li-TFSI/EMIm-TFSI (blue), and Li-TFSI/EMIm-TFSI (black). 
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Li-TFSI/EMIm-TFSI increases from values on the order of 1 to 10 mS cm
-1
 with 
increasing temperature from 25 °C to 105 °C.   
 
Interestingly, the conductivity of PILBCP-TFSI + Li-TFSI/EMIm-TFSI is similar to 
salt/ionic liquid mixture (Li-TFSI/EMIm-TFSI) with less than half an order of magnitude 
difference at high temperatures (105 °C). It is known that solid-state polymer electrolytes 
should possess conductivities approaching or beyond 1 mS cm
-1
 at ambient temperature 
in order to compete with current lithium-ion batteries with liquid electrolytes.
125
 The high 
conductivity (> 1 mS cm
-1
) of the solid-state PILBCP-TFSI + Li-TFSI/EMIm-TFSI film 
at room temperature (25 °C) is promising for application to lithium-ion batteries. 
 
7.3.3. Morphology 
 
Figure 7.7a shows SAXS data for PILBCP-TFSI and PILBCP-TFSI + Li-TFSI/EMIm-
TFSI under vacuum at room temperature. The SAXS profile of PILBCP-TFSI has two 
well-defined scattering peaks (at q* and 2q*) indicative of microphase separation; the 
absence of higher order peaks suggests a lack of significant long-range order. A Bragg 
spacing (d = 2π/q*) of 26.7 nm for PILBCP-TFSI was determined from the SAXS data. 
The SAXS profile of PILBCP-TFSI + Li-TFSI/EMIm-TFSI only has a single broad 
primary scattering peak (q*) indicative of weak microphase separation; the absence of 
higher order peaks and broad breadth of this peak also suggests a lack of long-range order 
(Bragg spacing of 36.0 nm). The addition of Li-TFSI/EMIm-TFSI to PILBCP-TFSI 
increases the Bragg spacing by almost 10 nm higher than PILBCP-TFSI and disrupts any 
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possible long-range order and introduces electron density fluctuations over a range of 
length scales. The weakly microphase-separated morphology with no long-range order in 
the PILBCP-TFSI + Li-TFSI/EMIm-TFSI sample evidenced by SAXS was confirmed 
with electron microscopy as shown in Figure 7.7b. The SAXS and TEM data showing 
that the samples are a microphase separated in these samples is important since previous 
results on PIL block copolymers show higher conductivity in samples with microphase 
separated morphologies compared to samples with the same chemistry without 
microphase separated morphologies.
79
 The relatively high ionic conductivity of PILBCP-
TFSI + Li-TFSI/EMIm-TFSI (> 1 mS cm
-1 
at 25 °C) with block copolymer design 
providing mechanical strong free-standing films (see Figure 7.2b) allows for its use as a 
solid-state electrolyte and separator in a lithium-ion battery.  
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Figure 7.7. (a) Small-angle X-ray scattering profiles of PILBCP-TFSI (red) and 
PILBCP-TFSI + Li-TFSI/EMIm-TFSI (blue) and (b) electron microscopy images of 
PILBCP-TFSI + Li-TFSI/EMIm-TFSI at room temperature under vacuum. HAADF 
STEM; sample unstained; light regions correspond to PIL domains. SAXS data collected 
at room temperature under vacuum. Arrows indicate peak positions. Data are vertically 
offset for clarity. 
 
 
 
7.3.4. Electrochemical Stability 
 
The electrochemical stability window was measured by linear voltammetry with a 
platinum foil working electrode, PILBCP-TFSI + Li-TFSI/EMIm-TFSI film as the 
electrolyte and separator, and silver foil counter electrode at a scan rate of 5 mV s
-1
 
(Figure 7.8). The results show that the PILBCP-TFSI + Li-TFSI/EMIm-TFSI film has a 
potential stability window of approximately 2.7 V. The cathodic limit of 1.7 V vs. Li/Li
+
 
was observed, which does not allow the use of metallic lithium or carbon as the anode 
material. The cathodic limit may be a result of cation reduction of the three acidic protons 
on the imidazolium ring, especially the proton on the C2 position of the imidazolium 
ring, which has been previously reported, but not confirmed in this study.
219
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important to note that the cathodic limit of 1.7 V for the PILBCP-TFSI + Li-TFSI/EMIm-
TFSI film is higher than the cathodic limit of 1.0 V in pure EMIm-TFSI liquid.
207
 Figure 
7.8 shows that the anodic decomposition begins at 4.4 V vs. Li/Li
+ 
and gradually 
increases to 6.2 V vs. Li/Li
+
, where the total oxidation of the anion (TFSI¯) may occur. 
Similar trends have been observed for TFSI¯ containing PILs were the anodic 
decomposition reaction rate increases with temperature, which decreases the voltage 
range of the oxidation onset.
158
 The electrochemical stability of just the polymer 
PILBCP-TFSI without Li-TFSI/EMIm-TFSI could not be measured due to the relatively 
low conductivity even at 90 °C (see Figure 7.6). 
 
 
 
 
Figure 7.8. Cyclic voltammetry (electrochemical stability) of PILBCP-TFSI + Li-
TFSI/EMIm-TFSI at room temperature at a scan rate of 5 mV s
-1 
with Pt working 
electrode and Ag counter and reference electrodes. Arrows indicate electrochemical 
stability limits.  
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7.3.5. Lithium-ion battery performance 
 
Figure 7.9 shows the charge-discharge (C/D) performance of Li4Ti5O12/PILBCP-TFSI + 
Li-TFSI/EMIm-TFSI/LiCoO2 coin cell at room temperature. Lithium titanate (Li4Ti5O12) 
was used as the negative electrode because its redox potential at approximately 1.5 V is 
within the stability window of PILBCP-TFSI. The C/D cycles had a C/D rate of 0.1 C 
and a voltage window of 3.5 V to 4.0 V vs. Li/Li
+
 (2.0 to 2.5 V in a Li4Ti5O12/LiCoO2 
cell) in order to minimize electrochemical degradation. The discharge capacity and the 
Coulombic efficiency of the battery were 97 mAh g
-1
 and 93% in the first cycle, 
respectively. During the first 5 cycles, the discharge capacity increased gradually, 
possibly due to the penetration of Li-TFSI/EMIm-TFSI into the electrodes and the 
improved contact of the solid-state separator and electrodes.
135, 159
 After this initial 
improvement, the cell delivered a maximum discharge capacity of 112 mAh g
-1
, 
approximately 70% of the theoretical capacity of Li4Ti5O12 (161 mAh g
-1
) at 0.1 C. The 
cell maintained this maximum capacity for approximately 20 cycles. After 20 cycles, the 
capacity began to fade at a rate of 1.03 mAh g
-1
 per cycle. After 100 cycles, the discharge 
capacity of the battery was approximately 31 mAh g
-1
, which was 27% of the maximum 
capacity. However, the Coulombic efficiency maintained a value higher than 94% for all 
100 cycles. 
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Figure 7.9. (a) Discharge capacity and Coulombic efficiency as a function of cycle 
number and (b) voltage vs. capacity profile at select cycles at room temperature. Charge-
discharge rate is 0.1 C. 
 
 
 
The relatively poor long term cycling of Li4Ti5O12/PILBCP-TFSI + Li-TFSI/EMIm-
TFSI/LiCoO2 batteries may be due to the low electrochemical stability of PILBCP-TFSI 
+ Li-TFSI/EMIm-TFSI solid-state films (see Figure 7.8). Even though a relatively small 
voltage range was selected (3.5 V to 4.0 V vs. Li/Li
+
 or 2.0 to 2.5 V in a 
Li4Ti5O12/LiCoO2 cell), electrochemical degradation may slowly decompose the film 
performance over time. The electrochemical degradation can be amplified in the coin cell 
due to the increased current compared to the electrochemical stability experiments. 
Choosing a different electrolyte and separator with a greater voltage stability window 
than EMIm-TFSI or a different PIL block may alleviate some of these stability issues.  
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7.4. Conclusions  
 
A new PIL diblock copolymer, PILBCP-TFSI, was synthesized via reverse addition 
fragmentation chain transfer polymerization followed by anion exchange metathesis. 
Robust free-standing solid polymer films were produced with Li-TFSI/EMIm-TFSI 
imbibed within the films to both plasticize to improve ion conductivity and as a source of 
lithium ions. The resulting high ionic conductivity (> 1 mS cm
-1
) at room temperature (25 
°C) for the PILBCP-TFSI + Li-TFSI/EMIm-TFSI films allow for its use as a solid-state 
electrolyte and separator in lithium ion batteries. The electrochemical stability of 
PILBCP-TFSI + Li-TFSI/EMIm-TFSI was determined to have a potential window of 2.7 
V with a cathodic limit of 1.7 V vs. Li/Li
+
 and an anodic limit of 4.4 V vs. Li/Li
+
. The 
application of PILBCP-TFSI + Li-TFSI/EMIm-TFSI as a solid-state electrolyte and 
separator in lithium ion coin cells was tested using lithium titanate (Li4Ti5O12) anodes 
and lithium cobalt oxide (LiCoO2) cathodes. A maximum capacity of 112 mAh g
-1
 was 
achieved for approximately 20 cycles before a capacity fade at a rate of 1.03 mAh g
-1
 per 
cycle was observed. The battery maintained a Coulombic efficiency higher than 94% for 
all 100 cycles. The relativity small voltage window of 2.7 V is a possible reason for the 
capacity fade where electrochemical degradation could cause slow failure in the battery. 
However, to the author’s knowledge this is the first report of a PILBCP used as solid-
state electrolyte and separator in a lithium ion battery with performance data, and 
therefore this report shows the feasibility and functionality of PILBCPs as solid-state 
electrolytes and separators in lithium-ion batteries at room temperature. Thus, with the 
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further improvement of the electrochemical stability of PILBCPs, there is a promising 
outlook for their use as solid-state electrolytes and separators in lithium-ion batteries.  
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Chapter 8. Conclusions and Future Studies 
 
8.1. Summary 
 
This work demonstrated the synthesis and characterization of solid-state separators for 
electrochemical applications where imidazolium-based PIL diblock copolymers as AEMs 
for AFCs and SPEs for lithium-ion batteries were of particular interest. The transport 
properties, self-assembled morphology, chemical, thermal and electrochemical stability, 
and device performance of these PIL block copolymers were investigated. Significant 
progress was achieved toward the design of mechanically robust and highly conductive 
solid-state membranes for both water-assisted ion transport (e.g., AFCs) and dry ion 
transport (e.g., lithium-ion batteries) applications.  
 
PIL diblock copolymers at various PIL compositions were synthesized via post-
functionalization from its non-ionic precursor PIL diblock copolymer, which was 
synthesized via the reverse addition fragmentation chain transfer (RAFT) technique. The 
addition of a longer undecyl alkyl chain between the polymer backbone and the 
imidazolium moiety decreased the Tg of the PIL diblock to about room temperature, 
resulting in flexible, transparent free-standing films with high mechanical strength and 
high bromide conductivity. Surprisingly, the PIL diblock copolymer had higher bromide 
conductivity by over three times than its analogous PIL homopolymer despite a lower 
IEC and lower water uptake. The undecyl side chain PIL diblock copolymer also had an 
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order of magnitude higher conductivity than a similar PIL diblock copolymer with an 
ethyl alkyl side chain.  
 
In a follow up study, the role of diblock copolymer morphology and specifically 
ion/water clustering within the block copolymer morphology was investigated between 
two different imidazolium-based PIL diblock copolymers at similar IEC and PIL contents 
where the main difference was the side alkyl chain length between the backbone and the 
covalently attached imidazolium group (ethyl vs. undecyl). The morphology and thermal 
properties were characterized under dry, highly humidified, and fully saturated 
conditions. The key result from this study is the formation of water/ion clusters in the 
undecyl samples when saturated in liquid water where these water/ion clusters improve 
the conductivity by creating a percolated network, which facilitates ion transport across 
the membrane.  
 
The high mechanical strength and bromide ion conductivity of the novel PIL diblock 
copolymer provided optimal properties to be used as an AEM for AFCs through simple 
ion exchange to the bicarbonate (HCO3
-
) form. In this study, the thermal properties of this 
bicarbonate-conducting PIL diblock copolymer along with its use as both the ionomer in 
the electrodes and as the AEM in the AFC using three MEA fabrications techniques 
(painted GDL, air spray GDL, and decal transfer) was investigated. A peak power density 
of 29.3 mW cm
-1
 (60 °C with H2/O2 at 25 psig (172 kPa) backpressure) was achieved 
using the painted GDL MEA fabrication technique with the air spray GDL and decal 
transfer techniques resulting in lower performance. The successful application of a PIL 
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diblock copolymer as both the membrane separator and ionomer in catalyst layers for 
AFCs shows promise for future work in using PIL diblock copolymers for AFCs.  
 
The result of AFC studies led to the investigation of the impact of the PIL diblock 
copolymer ionomer on the ORR and HOR activity of a commercial Pt/C nanoparticulate 
catalyst using RDE half-cell experiments to determine if the AFC power density was a 
result of physical/chemical blocking of catalytic sites by the PIL diblock copolymer, poor 
triple phase boundary geometry, adversely affecting the kinetics of the anodic and 
cathodic reactions. In this study, the CVs indicated there was no specific adsorption, 
reversible or irreversible, of ions associated with the PIL diblock copolymer to the Pt 
surface. The addition of PIL diblock copolymer to the Pt/C nanoparticles adversely 
impacted the reaction kinetics (Jk) of the ORR, as well as the diffusion-limited current 
(Id) of both the ORR and HOR. However, similar trends were observed with Nafion on 
Pt/C nanoparticles, indicating that the improvement of AEMFC assembly conditions, in 
order to reduce the interfacial resistance between the ion conducting species in the AEM 
and ionomer within the catalyst layer, may lead to improved AFC performance with PIL 
diblock copolymer based membranes and ionomers.  
 
In an additional study using the RDE half-cell technique, the chemical stability of the PIL 
diblock copolymer was explored under an applied potential by monitoring  the ORR 
activity of a PIL diblock coated polycrystalline platinum disk and comparing the Id and Jk 
before and after stability experiments. The effect of temperature, electrolyte alkalinity, 
applied potential holds, and potential cycling were investigated. This study presents, for 
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the first time, that applied potential, in the form of load cycling, plays a role in the 
chemical/electrochemical stability of AEM ionomers, suggesting that design strategies 
should take this into account as a potential source of material failure. 
 
The versatility of PIL diblock copolymers were investigated in the final study, where 
anion exchange to a fluorinated anion (TFSI
-
) resulted in a hydrophobic PIL diblock 
copolymer, which were imbibed with a solution of lithium salt in an ionic liquid to be 
used as a SPE for solid-state lithium ion conducting electrolytes and separators for 
lithium-ion batteries. The synthesis, thermal and electrochemical properties, and 
morphology are presented along with lithium-ion battery performance. This is the first 
report of lithium-ion battery performance using a PIL diblock copolymer, which 
represents a promising outlook for their use as solid-state electrolytes and separators in 
lithium-ion batteries.  
 
8.2. Future Studies 
 
There are multiple opportunities and directions in which one can expand on the work 
presented in dissertation. One direction that can be explored is the numerous chain 
sequences available beyond PIL diblock copolymers, including PIL triblocks (e.g., ABA, 
ABC) or even PIL pentablocks (e.g., ABCBA). A main focus of this dissertation was to 
design mechanically robust PIL diblock copolymer, which was achieved through 
lowering the Tg of the PIL block.  Alternatively, mechanically robustness can be achieved 
through the use of triblocks, where it has been shown in literature that at similar 
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compositions, an ABA block copolymer had a higher tensile strength and elongation of 
break compared to the analogous diblock copolymer, which is due to the A block forming 
hard domains, while the B blocks act as the soft domain.
220
 Therefore, if one can 
synthesis an ABA composing of the A block being the mechanical reinforcing block 
(e.g., methyl methacrylate or styrene) with the B block being the PIL block it should, in 
theory, have enhanced mechanical properties.  
 
Additionally, the work outline in this dissertation for the use of PIL diblock copolymers 
as AEMS and ionomers for AFCs can be expanded. The ionomer content in the catalyst 
ink was a fixed variable at 33 wt% of total solids. However, this was chosen due to 33 
wt% being the optimal loading for use in Nafion based PEMFCs and the wt% of ionomer 
for AFCs was not optimized. The solvents used in the catalyst ink solution can also be 
varied. In this dissertation, acetonitrile was used as the solvent for the PIL diblock 
copolymer since it readily dissolves the polymer, however, several reports on AFCs use 
ethyl acetate
13, 53
 or 1-propanol
45, 112
 as the solvent for the ink solution, which may allow 
enhanced mixing and distribution of the ionomer in the catalyst layer to be more uniform. 
The last variable that was not varied was the MEA fabrication temperature, time, or 
pressure. These variables were kept to a minimum in order to prevent polymer 
degradation before AFC assembly and testing, however, it was determined that interfacial 
resistance between the ion conducting species in the AEM and ionomer within the 
catalyst layer was the main performance loss in the AFC and increasing the temperature, 
time, or pressure may reduce the interfacial resistance and in turn increase performance. 
A suggested study would be to investigate these three variables; ionomer wt% in catalyst 
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layer, ink solvent, and the MEA fabrication temperature, time, and pressure on their 
performance of the AFC.   
 
The report of electrochemical stability of AEMs using rotating-disk electrode half-cell 
experiments can be expanded to be a more quantitative experiment, where the chemical 
degradation products can be identified. These studies can be done using two different 
techniques. The first proposed technique is the use of a microfluidic cell in place of the 
electrochemical cell used for RDE experiments.
221
 The microfluidic cell would be 
designed to limit the amount of electrolyte needed and have a closed flow loop to recycle 
the electrolyte. Therefore, as the stability experiment is underway, small aliquots can be 
collected over time of the electrolyte and studied using 
1
H NMR for degraded products.  
Due to the small volume needed in a microfluidic cell, the concentration of degraded 
products would be sufficient for quantification using 
1
H NMR. The second proposed 
technique is the use of an in situ Fourier transform infrared spectroscopy (FTIR) within 
the electrochemical cell.
222
 The FTIR would be used to collect spectra of the ionomer 
over the stability experiment where changes in the spectra can be assigned to chemical 
degradation. Overall, these techniques would allow for the quantification of the chemical 
degradation products of AEMs under an applied potential.    
 
The work outline for the use of PIL diblock copolymers for use as SPEs for lithium-ion 
batteries can be further expanded. In the study presented in Chapter 7, the TFSI
-
 anion 
containing PIL diblock copolymer resulted in a weakly microphase separated 
morphology as evidenced by SAXS and TEM due to the partial miscibility between the 
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blocks. The desired morphology for high conductivity is strong microphase separated 
morphology with long range order. A previous study has shown that this strong 
micropase separated morphology with long-range order was achieved with the use of a 
styrene mechanically reinforcing block and an acrylate PIL block due to the immiscibility 
between blocks.
146
 The conductivity of dry ion transport is inversely proportional to the 
Tg of the conductive phase. Therefore, for high conductivity, a low Tg of the PIL phase is 
also desired. A suggested PIL diblock copolymer consisting of a styrene block with a 
long-alkyl side chain acrylate PIL block should result in the desired properties needed for 
high ion conductive, such as strong microphase separated morphology with long range 
order and a low Tg in the conductive phase. This novel PIL diblock copolymer can then 
be studied for its application as an SPE to lithium-ion batteries by imbibing with lithium 
salt solutions, where this lithium salt solutions can be varied based on the desired thermal 
and electrochemical properties such as different salts (e.g., LiTFSI, LiPF6, LiBF4) and 
different solvents (e.g., ionic liquids, carbonates) and these solutions can be varied in 
concentration. Overall, the synthesis and characterization of this novel PIL diblock 
copolymer should result in a highly conductive, mechanically robust, and 
electrochemically stable SPE, which can be tested as a solid-state separator and 
electrolyte in a lithium-ion battery.   
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Appendix A. Density and Ion Exchange Capacity (IEC) calculations 
 
 
 
 
A.1. Density Estimation of PIL Homopolymer (poly(MUBIm-Br)). 
 
The density of the PIL homopolymer (poly(MUBIm-Br)) was estimated from an additive 
contribution of components to the molar volume, which is analogous to the group 
contribution method, were the polymer density is estimated from the additive 
contribution of functional groups.
223
 In other words, the chemical structure of 
poly(MUBIm-Br) can be divided into two components: poly(decyl methacrylate) 
(PDMA) and tethered IL moiety (i.e., 1-methyl-3-butylimidazolium bromide, MBIm-Br) 
(Figure A1).  
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Figure A1. Chemical structure of poly(MUBIm-Br). 
 
 
 
Thus, the molar volume (cm
3
 mol
-1
) of poly(MUBIm-Br) can be expressed as the additive 
of the molar volumes of these two components:  
 
                                                                                                     (A1) 
 
Where M, MPDMA, MIL and ρ, ρPDMA, ρIL are the molecular weights (g mol
-1
) and densities 
(g cm
-3
) of the PIL, PDMA and the MBIm-Br IL, respectively. Normalizing Equation A1 
by the total molecular weight yield: 
 
                                                                                                           (A2) 
 
IL
IL
PDMA
PDMA MMM


 
IL
IL
PDMA
PDMA ww


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From Equation A1, the PIL density can be determined from the experimental density of 
MBIm-Br IL (ρIL = 1.29 g cm
-3
) and the PDMA density was estimated using the known 
densities of poly(butyl methacrylate), poly(hexyl methacrylate), poly(octyl methacrylate), 
and poly(dodecyl methacrylate) (ρPDMA = 0.948 g cm
-3
). The weight fractions of IL (wIL = 
0.48) and of PDMA (wPDMA = 0.52) were calculated from the chemical structure (Figure 
A1). Thus, the calculated density for PIL poly(MUBIm-Br) is 1.09 g cm
-3
. In this study, 
we also assume that the variation of volume fraction due to the density change at 
different temperatures is negligible for these PIL copolymers. 
 
A.2. Calculation of Ion Exchange Capacity (IEC) 
 
Ion exchange capacity (IEC) [meq g
-1
] was quantified as the moles of imidazolium 
cations per gram of polymer. 
 
                                                                                                           (A3) 
                                                                (A4) 
 
ILx  is the IL composition (mole fraction) and 
*
cpMW is the molecular weight of the repeat 
unit of the copolymer (without counter anions). MMAMW  (100.12 g mol
-1
) and 
ImMUBMW  
(387.62 g mol
-1
) are the molecular weights of MMA and MUBIm IL (or IL without 
counter anion), respectively. The counter anion was not considered in this calculation 
because IEC of the polymer is independent of the counter ion.  
 
*
1000
cp
IL
MW
x
IEC


𝑀𝑊𝑐𝑝
∗ =  1− 𝑥𝐼𝐿 𝑀𝑊𝑀𝑀𝐴 + 𝑥𝐼𝐿𝑀𝑊𝑀𝑈𝐵𝐼𝑚  
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Appendix B. Small Angle X-ray Scattering (SAXS) 
 
 
 
 
 
 
Figure B1. In-plane and through-plane SAXS at 30 °C under vacuum (0% RH): (a) S-
1.4-39.1 (b) L-1.4-40.2 (c) L-1.4-59.3. Data are vertically offset for clarity. 
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Figure B2. Through-plane SAXS at 90% RH and 50 and 80 °C for (a) S-1.4-39.1, (b) L-
0.9-40.2, and (c) L-1.4-59.3. Arrows indicate peak positions. Data are offset for clarity. 
Graph (a) is reproduced from ref [80].  
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Table B1. Small-Angle X-ray Scattering Results. 
a
Correlation distance calculated by d
*
 = 2π/q*, where q* is the position of the primary 
peak obtained from 1-D SAXS data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample  Temp. (°C)  Humidity (%) q
*
 (nm
-1
) d
*
 (nm)
a
 
S-1.4-39.1 30  0 0.25 25.1 
 50  90 0.21 30.0 
 80  90 0.215 29.2 
L-0.9-40.2 30  0 0.225 27.9 
 50  90 0.183 34.4 
 80  90 0.175 35.9 
L-1.4-59.3 30  0 0.225 27.9 
 50  90 0.17 37.0 
 80  90 0.17 37.0 
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Appendix C. RDE Nafion Experiments 
 
 
 
 
 
 
Figure C1. Half-cell reactions for Nafion coated Pt/C catalyst. (a) Cyclic 
voltammograms (CVs) of 0 wt% Nafion (red) and 60 wt% Nafion (black) catalyst layer 
contents recorded in Ar purged 0.1 M HClO4 at room temperature with a sweep rate of 50 
mV s
-1
. (b) Oxygen reduction reaction (ORR) and (c) hydrogen oxidation reaction (HOR) 
curves for 0 wt% Nafion (red), 33 wt% Nafion (blue), and 60 wt% Nafion (black) 
recorded in O2 and H2 saturated, respectively, 0.1 M HClO4 at room temperature, with a 
sweep rate of 20 mV s
-1
 and a rotation rate of 1600 rpm. Loading on the glassy carbon 
disk in all cases was 15 μgPt cm
-2. Potentials were corrected for iR drop (25Ω) within the 
electrolyte. Currents are reported as current density per geometric area of disk. Arrows 
indicate direction of increasing Nafion thickness.   
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Table C1. Oxygen reduction reaction (ORR) mass activity numbers (Jk), ORR diffusion 
limited currents (Id), and hydrogen oxidation reaction (HOR) diffusion limited currents 
measured at room temperature in O2 and H2, respectively, saturated in 0.1 M HClO4 with 
a sweep rate of 20 mV s
-1
 and a rotation rate of 1600 rpm; catalyst loading on glassy 
carbon disk was 15 μgPt cm
-2
.  
 ORR HOR 
Nafion [wt%] Jk [mA μgPt 
-1
]
a 
Id [mA]
b
 Id [mA]
c 
0  0.31 1.14 0.55 
33 0.004 1.03 0.46 
60 0.07 0.51 0.43 
a
0.9 V vs. RHE. 
b
0.45 V vs. RHE. 
c
0.6 V vs. RHE.  
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